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THE INFLUENCE OF THIOURACIL ON THE RESPONSES OF 
SERUM PROTEIN AND SERUM CALCIUM OF THE IMMATURE 
PULLET TO ESTROGEN, WITH SOME OBSERVATIONS ON 
THE RESPONSES OF OVIDUCT, LIVER, AND KIDNEY! 


By L. A. Wricut, W. A. Maw, AND R. H. ComMmMon 


Abstract 

Thiouracil at a level of 0.75% of the diet depressed the serum calcium and 
serum protein levels of somualiy | immature pullets that had received 0.5 mgm. 
estradiol benzoate (ODB) intramuscularly each day for nine days or 14 days. 
When the level of estrogen dosage was raised to 1.0 mgm. ODB each day, then 
in one experiment thiouracil did not appreciably affect the responses of serum 
calcium and serum protein at nine days but did enchance both responses at 14 
days. In a second experiment thiouracil again exerted a depressant effect on 
responses of serum calcium and serum protein at nine days but this effect had 
disappeared at 14 days. Thiouracil tended in both experiments to reduce the 
serum protein level in unestrogenized pullets. The effects of thiouracil on 
responses of serum calcium and serum protein are dependent, therefore, on both 
the level and duration of estrogen treatment. Thiouracil did not modify 
the effect of either 0.5 mgm. or 1.0 mgm. ODB per diem on oviduct weight. 
Estrogen increased liver weight per kgm. live weight and liver protein per kgm. 
live weight and thiouracil produced similar effects. These effects of estrogen and 
thiouracil were approximately additive. Estrogen increased kidney weight per 
kgm. live weight. Thiouracil increased kidney weight per kgm. live weight both 
of itself and in presence of estrogen. Kidney protein per kgm. live weight was 
affected by thiouracil and by estrogen in the same ways as was kidney weight. 


Introduction 

A few years ago Common, Keefe, and Maw (1) observed that inclusion of 
1% thiouracil in the diet of sexually immature pullets depressed the hyper- 
calcemia, hyperproteinemia, and hypertrophy of the oviduct evoked by 
treatment with estrogen. Common, Maw, and Layne (2) subsequently 
observed a similar depressant effect of thiouracil on the hypercalcemia evoked 
by treatment with estrogen plus androgen. However, Layne (5) noted that 
the thiouracil did not depress the hyperproteinemia evoked by this hormonal 
treatment in spite of the pronounced depressant effect on the hypercalcemia. 
Certain relevant data from these studies are summarized in Table I for con- 
venience of reference. 


1Manuscript received April 5, 1956. 

Contribution from the Faculty of Agriculture of McGill University, Macdonald College P.O., 
Que., Canada. Supported by a grant-in-aid of research to the third author from the National 
Research Council of Canada. Macdonald College Journal Series No. 387. 
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TABLE I 


EFFECTS OF THIOURACIL ON RESPONSES OF SERUM CALCIUM, SERUM PROTEIN, AND 
OVIDUCTS OF IMMATURE PULLETS TO GONADAL HORMONES. RELEVANT 
RESULTS OF TWO PREVIOUS EXPERIMENTS 








No. of pullets 

















LSD* 
6 6 6 P = 0.05 

Experiment A(1)—duration 14 days 
ODB, mgm. Nil x45 7maS — 
Thiouracil in food, % Nil Nil 1.0 
Oviduct, gm. 0.24 10.0 19.8 4.4 
Serum calcium, mgm./100 ml. 11.1 35.8 13.6 0.6 
Serum protein, gm./100 ml. 3.6 3.3 3.9 0.4 
Liver protein, gm./kgm. live wt. 3.9 4.3 $.3 0.27 
Experiment B (2)—duration 10 days 
ODB, mgm. Nil 10 X 1.0 10 X 1.0 — 
TST, mgm. Nil 10 xX 0.5 10 xX 0.5 
Thiouracil in food, % Nil Nil 0.75 _— 
Oviduct, gm. 0.20 16.3 12.8 2.2 
Serum calcium, mgm./100 ml. 10.4 65.9 33.8 2.3 
Serum protein, gm./100 ml. 3.6 6.8 6.8 0.91 
Liver protein, gm./kgm. live wt. 4.5 i 7.8 0.6 





*LSD denotes least significant difference by the ‘‘F’’ test. 
tCited from Layne (5). 


The divergence between these sets of results was the more unexpected 
because elevation of serum calcium and of serum protein in the estrogenized 
fowl tend to be correlated. It seemed unlikely that the differences could be 
due to the circumstance that androgen was used along with estrogen in the 
second study. On the other hand, it is well recognized that the effects of 
hormones may be reversed by changes in dosage level. Accordingly, it was 
decided to investigate the subject further by comparing the effects of thiour- 
acil on serum calcium and protein at two different levels of dosage of estrogen. 
The effects on size and composition of livers and kidneys were also studied, 
as well as the effects on sizes of ovaries, oviducts, and spleens. 


Experimental 


1. General Technique 

(a) Experiment 1 
The birds available for this experiment comprised 24 Barred Plymouth 
Rock and 18 Rhode Island Red pullets. The birds were 11 weeks of age at 
the outset and 13 weeks at the end of the experiment. The pullets were 
assigned between six groups each of seven birds, with the sole restriction that 
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each group contained four Barred Plymouth Rock and three Rhode Island 
Red pullets. The birds were in individual cages, and the cages were dis- 
posed at random on the benches in the laboratory. The diet was a commer- 
cial ‘developer’ ration. Care was taken to ensure that food intake per bird 
was as uniform as possible on any given day. Gonadal hormones and thyroid 
activity influence appetite; if food intake is not controlled, therefore, it may 
become difficult to distinguish direct effects of the hormones or of thiouracil 
on blood and tissues from indirect effects due to differences in nutrient intake. 

The estradiol benzoate was administered as ‘Progynon B’ (Schering) by 
intramuscular injection. Control groups were given intramuscular injections 
of a similar volume of sesame oil solvent. 

The pullets remained in excellent health throughout the experiment, but 
several of the birds were found at autopsy to have calculi in their kidneys. 
These calculi contained much urate, and their presence may have been a 
consequence of infection with neurolymphomatosis virus. However, the 
existence of such infection was not established, and no other abnormality 
was observed. 

(b) Experiment 2 

The birds in this experiment comprised 42 crossbred pullets (Rhode Island 
Red X Barred Plymouth Rock) which were 12 weeks of age at the beginning 
and 14 weeks of age at the end of the experiment. One bird died accidentally 
during the experiment. The health of the birds was excellent and no abnor- 
mality was observed at autopsy. 


2. Analytical Methods 

The birds were killed by decapitation at the end of the experiment and 
then bled. Ovaries, oviducts, spleens, livers, and kidneys were quickly 
removed and weighed. A 20 gm. portion of the liver was rapidly weighed 
out and disintegrated in cold 10% trichloracetic acid. The precipitate was 
filtered off within not more than six hours and well washed with 1% acetic 
acid. The residue was suspended in 150 ml. Bloor’s mixture (3 vol. ethanol: 
1 vol. ethyl ether), boiled gently, and left to cool. The residue was filtered 
off and the extraction was then repeated twice, viz., once with 100 ml. Bloor’s 
mixture and once with 75 ml. Bloor’s mixture. The residue was washed 
with a little ethyl ether, air-dried, ground, weighed, bottled, and stored in 
the freezer pending analysis. 

The combined alcohol-ether extracts and washings were evaporated to 
dryness, at first under reduced pressure and finally in an electric oven at 
105° C. for approximately 30 min. This usually sufficed to bring the residue 
to constant weight (i.e. to the nearest +2 mgm.). The lipids were removed 
by repeated boiling with light petroleum, settling, and decanting. The 
beaker plus residue was then brought to constant weight again in the oven. 
The loss of weight was taken as lipid; the residue was also weighed and its 
nitrogen content was ascertained. Liver protein was estimated by carrying 
out a Kjeldahl determination on the tissue powder and by correcting the 
result for the nitrogen content of the residue from the lipid extract. Total 
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nitrogen X 6.25 was taken as protein. This figure was an estimate of liver 
crude protein less liver NPN X 6.25, and not an estimate of liver crude 
protein. 

Kidney protein and lipid were determined in the same way, except that 
the entire kidneys less ureters were taken for extraction. 

Serum calcium was determined by the method of Halverson (8). Serum 
protein was determined by the biuret method of Weichselbaum (11). Oc- 
casional determinations were carried out by the Kjeldahl method as a pre- 
caution against possible interference from slight turbidity due to lipemia. 
The checks were uniformly satisfactory. 


3. Experimental Results 
Experiment 1 


The results of experiment 1 are presented in Table II and the data for 
serum calcium and serum protein are also presented in Fig. 1. 

(i) Live weight gain.—Although the differences did not attain significance 
by the ‘‘F’’ test, the results suggest a slight reduction of live weight gains by 
thiouracil. It is well known that thiouracil may reduce rate of live weight 
gain of chickens (vide reviews by Sturkie (10) and by Lorenz (7)). 

(ii) Oviduct weight—Each level of estrogen gave an increase of oviduct 
weight of the expected order of magnitude. The effect of the double dose of 
estrogen was significantly greater than the effect of the single dose both in 
the absence and presence of thiouracil. Thiouracil appeared to increase the 
hypertrophy of the oviduct at the highest level of estrogen, but this effect 
did not attain significance by the ‘‘t’”’ test even at P = 0.10. 





TABLE II 


EFFECT OF THIOURACIL ON RESPONSES OF THE SEXUALLY IMMATURE PULLET TO DIFFERENT 
LEVELS OF ESTROGEN. AVERAGE RESULTS OF EXPERIMENT 1, DURATION 14 DAYS 




















Group 
1 2 3 1T 2T 3T 
Pullets per group 
——— LSD* 
7 7 7 7 7 7 P =0.05 

Estradiol benzoate, mgm. per diem Nil 0.5 1.0 Nil 0.5 1.0 
Thiouracil in diet, % Nil Nil Nil 0.75 0.75 0.75 
Live wt., initial, kgm. 0.97 0.97 0.96 0.93 0.96 0.92 NS 
Live wt., final, kgm. eS | 1.19 1.17 1.10 1.19 1.15 NS 
Live wt., increase, kgm. 0.24 0.22 0.21 0.18 0.23 0.23 NS 
Food consumption, kgm. 0.95 0.95 0.95 0.95 0.95 0.95 — 
Oviduct, gm. 0.37 8.4 11.1 0.17 8.2 12.0 2.10 
Serum calcium mgm./100 ml., 9 days ae..8 20.0 26.7 11.0 17.6 32.3 NSt 
Serum calcium mgm./100 ml., 14 days 11.8 24.3 38.5 13.3 14.6 48.0 9.6 
Serum protein, gm./100 ml., 9 days 3.31 4.17 4.61 3.00 3.41 4.54 0.67 
Serum protein, gm./100 ml., 14 days 3.34 4.00 5.15 2.94 3.15 5.92 0.75 
Liver, gm./kgm. live wt. 20.9 24.2 37.3 36.4 35.5 40.2 5.9 
Liver lipid, gm./kgm. live wt. 0.6 —_— 1.08 0.88 1.29 0.28 
Kidneys, gm./kgm. live wt. 5.87 6.49 6.84 8.22 8.05 8.69 5.32 
Kidney lipid, gm./kgm. live wt. 0.15 — 0.21 0.17 -- 0.29 0.04 





*LSD denotes least significant difference between any two grouped by the ‘‘F"’ test. 
{Due to abnormally high variance for Group 3T. 
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(iii) Serum calcium and serum protein.—These results were of great interest. 
The analyses were made after nine days of experimental treatment as well as 
at the end of the experiment. The results are most easily followed by 
reference to Fig. 1. At nine days thiouracil appeared to depress serum 
calcium slightly at the lower level of estrogen, and to enhance it at the higher 
level of estrogen. At this stage of the experiment, however, the differences 
concerned did not attain statistical significance. At 14 days similar differ- 
ences were present, and at this later stage the differences produced by thiour- 
acil were greater and had attained significance by the ‘‘F”’ test. The results 
at the lower level of estrogen at 14 days confirmed the depressant effect of 
thiouracil noted in previous experiments (vide Table 1); the enhancing effect 
at the higher level of estrogen was a novel observation. Serum protein was 
depressed significantly at the lower level of estrogen at nine days, but was not 
affected by thiouracil at the higher level. The depressant effect is in agree- 
ment with the observations of Common, Keefe, and Maw (1) (vide Table I). 
The absence of an effect at the higher level of estrogen agrees with the obser- 
vations of Common, Maw, and Layne (2). The values at 14 days revealed 
the persistence of a significant depressant effect of thiouracil at the lower 
levels of estrogen, but by this time thiouracil was enhancing serum protein 
significantly at the higher level of estrogen. Experiment 1, therefore, pro- 
vided convincing evidence of the reversal of a depressant effect of thiouracil 
on estrogen-induced hypercalcemia to an enhancement as the level of dosage 
with estrogen was increased. Furthermore, it showed that a given level of 
thiouracil may be without effect on serum protein level at an earlier stage of 
estrogen treatment and yet enhance serum protein level at a later stage of 
the treatment period. The absence of an effect of thiouracil on estrogen- 
induced hyperproteinemia in the experiment of Common, Maw, and Layne 
(2) (wide Table 1) is, therefore, consistent with the present results and explicable 
in terms of the levels of estrogen and the durations of treatment in the different 
experiments. 

(iv) Liver weight.—Liver weight per kgm. live weight was increased by 
estrogen, although the effect of the single dose did not attain significance by 
the ‘‘F” test. The increases were of the expected order of magnitude. 
Thiouracil increased liver weight greatly, and to a highly significant degree, 
in the presence of estrogen, in agreement with previous observations (1, 2). 
Thiouracil also increased liver weight greatly in the absence of exogenous 
estrogen, again in agreement with previous work (4). The effect of 0.75% 
dietary thiouracil alone was, in fact, much greater than that of the double 
dose of estrogen in the absence of thiouracil. The experimental results 
suggest that the effects of thiouracil and estrogen on liver weight were 
approximately additive. 

(v) Liver lipid —Estrogen increased total liver lipid both in the absence 
and presence of thiouracil. The increases of liver lipid by thiouracil did not 
attain significance by the ‘‘F’”’ test but they may be regarded as real. The 
increases in liver lipid were quite insufficient to account for the increases in 
liver weight. 
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(vi) Kidney weight.—The increases of kidney weight per kgm. live weight 
produced by estrogen in the absence of thiouravil were in agreement with 
previous observations (9) and hence they may be regarded as real, despite 
the fact that they did not attain significance by the “F’”’ test. Thiouracil 
increased kidney weight to a highly significant degree but estrogen did not 
further increase this effect. It would seem that the thiouracil effect swamped 
the effects of estrogen on the kidney. The effects on kidney lipid were 
similar to the effects on kidney weight. 
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sponses of serum calcium and serum protein 
of the sexually immature pullet to estrogen. 
Experiment 1. Dots and full lines:—no thio- 
uracil. Circles and broken lines:—1% thio- 
uracil in food. 


sponses of serum calcium and serum protein 
of the sexually immature pullet to estrogen. 
Experiment 2. Dots and full lines:—no 
thiouracil. Circles and broken lines:—1% 
thiouracil in food. 


Experiment 2 

The results of this experiment are summarized in Table III and those for 
serum calcium and serum protein are shown in Fig. 2. 

(i) Live weight.—As in experiment 1, there were indications that thiouracil 
may have depressed live weight gains, but none of the differences attained 
significance at P = 0.05. 

(ii) Ovaries.—Estrogen tended slightly to decrease ovary weight, as has 
been frequently observed. The effect did not attain significance by the 
“F’’ test in this experiment in the absence of thiouracil, but it did in the 
presence of thiouracil. 

(iii) Oviduct weight.—Both levels of estrogen gave increases of the magni- 
tudes expected and the higher dose gave significantly higher oviduct weights 
than did the single dose. The effects of thiouracil on the responses of the 


oviduct to estrogen did not attain significance even at P = 0.50. These 
results were in accordance with those in experiment 1. 
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TABLE III 


EFFECTS OF THIOURACIL ON RESPONSES OF THE SEXUALLY IMMATURE PULLET TO 
DIFFERENT LEVELS OF ESTROGEN. AVERAGE RESULTS OF EXPERIMENT 2, DURATION 14 DAYS 




















Group 
1 2 3 2T 2T 3T 
Pullets per group 
LSD* 

7 7 7 7 7 7 P =0.05 
Estradiol benzoate, mgm. per diem Nil 0.5 1.0 Nil 0.5 1.0 
Thiouracil in diet, % Nil Nil Nil 0.75 0.75 0.75 
Live wt., initial, kgm. 1.09 1.04 1.05 1.09 1.07 1.04 NS 
Live wt., final, kgm. 1.29 2 1.26 1.27 1.28 1.22 NS 
Live wt., increase, kgm. 0.20 0.23 0.21 0.18 0.21 0.18 NS 
Food consumption, kgm. 0.96 0.96 0.96 0.96 0.96 0.96 
Ovary, gm. 0.27 0.26 0.23 0.31 0.20 0.24 0.050 
Oviduct, gm. 0.19 9.6 12.1 0.16 9.2 13.0 2.06 
Spleen, gm. 3.1 2.6 1.6  & 1.9 1.6 0.61 
Serum calcium, mgm./100 ml., 9 days 11.7 20.4 41.1 10.8 13.7 36.4 8.5 
Serum calcium, mgm./100 ml., 14 days 11.5 27.9 58.3 12.4 18.2 58.5 11.0 
Serum protein, gm./100 ml., 9 days 3.69 4.14 5.70 3.19 3.32 4.83 NSt 
Serum protein, gm./100 ml., 14 days 3.44 4.44 7.03 2.80 3.34 7.20 1.19 
Liver, gm./kgm. live wt. 20.4 26.4 31.6 28.0 36.7 41.6 3.4 
Liver protein, gm./kgm. live wt. 3.26 3.97 4.94 4.75 5.14 5.94 0.54 
Liver lipid, gm./kgm. live wt. 0.63 1.04 1.44 0.80 5.39 1.62 0.19 
Kidneys, gm./kgm. live wt. 5.29 6.31 7.49 7.88 7.47 8.89 0.86 
Kidney protein, gm./kgm. live wt. 0.58 0.68 0.76 0.84 0.76 0.97 0.105 
Kidney lipid, gm./kgm. live wt. 0.17 0.15 0.27 0.16 0.17 0,29 0.08 





*LSD denotes least significant difference between any two groups by the ‘‘F’’ test. 
{Due to abnormally high variance for group 3T. 


(iv) Spleens.—Estrogen reduced spleen weight significantly in the absence, 
and also in the presence, of thiouracil, in agreement with previous observations 
(2, 3, 9). In addition, thiouracil reduced spleen weight significantly except 
where the higher level of estrogen was given. 

(v) Serum calcium and serum protein.—At nine days thiouracil depressed 
the effect of serum calcium at the lower level of estrogen, while at the higher 
level of estrogen thiouracil tended to depress serum calcium. At 14 days, 
the depressant effect of thiouracil at the lower level of estrogen had attained 
significance; while at the higher level of estrogen thiouracil was without 
effect on serum calcium, and did not attain to the point at which it would 
enhance serum calcium, as had been the case in experiment 1. Serum pro- 
teins tended, as in experiment 1, to be depressed by thiouracil even in the 
absence of estrogen; this effect did not attain significance in either experi- 
ment, but its consistency suggests the reality of the effect. The effects of 
thiouracil on serum protein level in the absence of estrogen treatment were 
similar to the effects on serum calcium (vide Fig. 2). From the foregoing, 
and from a comparison of Figs. 1 and 2, it is evident that the results of the 
two experiments were in agreement as regards the effects of thiouracil in 
the absence of estrogen and at the lower dosage of estrogen, and that this 
held good both at 9 days and at 14 days. The inconsistency of the effects 
of thiouracil at the higher level of estrogen in the two experiments is more 
apparent than real, for the general trends of serum calcium and serum protein 
as between 9 and 14 days were in the same direction in both experiments. 
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It seems evident from the results that the influence of thiouracil on estrogen- 
induced hypercalcemia and hyperproteinemia is a function of both level and 
duration of the estrogen treatment, and that the broad general correlation 
between serum calcium and protein does not apply im detail in regard to 
effects brought about by interaction of estrogen and thiouracil. 

(vi) Liver weight, liver protein, and liver lipid.—The results agreed rather 
closely with those of experiment 1. Liver weight per kgm. live weight was 
increased by both levels of estrogen, and the differences were significant by 
the ‘‘F”’ test. Thiouracil produced a highly significant increase both of 
itself and at both lower and higher levels of estrogen. The results did not 
reveal any tendency for the effects of thiouracil on responses of liver weight 
to be reversed by increase of level of dosage with estrogen. The weights 
again suggested that the effects of estrogen and thiouracil were approximately 
additive. The data for total liver protein also revealed highly significant 
increases due to thiouracil and estrogen. The enhancement of the estrogen 
effects by thiouracil confirmed previous observations (2). Owing to a 
relatively high variance, the significances of differences of liver lipid were 
low, but it seems likely that estrogen evoked a moderate increase in liver 
lipid; that thiouracil tended, as in experiment 1, to increase liver lipid; and 
that the effects of thiouracil and estrogen were roughly additive. 

(vii) Kidney weight, kidney protein, and kidney lipid.—Estrogen increased 
kidney weight per kgm. live weight significantly. Thiouracil increased 
kidney weight of itself and at both levels of estrogen. Kidney protein per 
kgm. live weight displayed similar trends. Kidney lipid was increased by 
estrogen, but the effect was only significant at the higher level of estrogen. 
The increase evoked by thiouracil did not attain significance, nor did thiour- 
acil increase liver lipid significantly in the presence of estrogen. The results 
show that the relative effects of estrogen and thiouracil on kidney lipid differ 
from the effects on liver lipid. 


Discussion 


So far as the effects of dietary thiouracil at levels around 1% on serum 
calcium and serum protein of the immature pullet are concerned, it seems 
reasonable to advance the following tentative conclusions:— 

(a) In the absence of exogenous estrogen, thiouracil will not appreciably 
affect the serum calcium, but it will tend slightly to lower the serum protein. 

(b) At levels of exogenous estrogen of the order of 0.5 mgm. ODB per diem, 
thiouracil will lower serum calcium and serum protein in nine days and the 
effect will not be diminished when the treatment is prolonged to 14 days. 

(c) At higher levels of estrogen (of the order of 1.0 mgm. ODB per diem), 
the depressant effect of thiouracil on the estrogen-induced hypercalcemia 
and hyperproteinemia will be diminished, and on continuation of the treat- 
ment the depressant effect will tend to be replaced by an enhancing effect. 

If these tentative conclusions are accepted, then they suffice to reconcile 
the apparent discrepancies in the earlier observations (vide Table 1). Thus 
experiment A, Table I, lasted 14 days, the level of estrogen was 1.5 mgm. 
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every other day. and the diet contained 1% thiouracil. These conditions 
correspond fairly closely with those of the present experiments for the lower 
level of estrogen at 14 days; and in all three instances thiouracil depressed 
both serum calcium and serum protein. On the other hand, experiment B, 
Table I, lasted only 10 days, but the level of estrogen was 1 mgm. ODB per 
diem and the diet contained 0.75% thiouracil. These conditions approxi- 
mate fairly closely to those for the higher dosage level in the present experi- 
ments at nine days; and in experiment 1, serum protein was not depressed by 
thiouracil at the higher level of estrogen any more than it was in experiment 
A. Serum calcium tended to be elevated in experiment 1, slightly depressed 
in experiment 2, and was greatly depressed in experiment A. However, it 
has already been pointed out that serum calcium and serum protein did not 
move exactly in step in their responses to thiouracil and estrogen in experi- 
ments 1 and 2. This discrepancy might be expected to be most obvious in 
the region where the crossing over from depressant effect to enhancement 
occurs, and this seems to be in the region of the higher dose at 9 to 14 days. 
The present experiments, therefore, provided an explanation for the apparent 
divergence of the results of experiments A and B in regard to serum calcium 
and serum protein, and hence may be regarded as having attained their 
primary objective. 

No reversal of effect of thiouracil with increasing levels of exogenous 
estrogen appeared in regard to liver weight and liver protein. In both the 
present experiments estrogen produced increases, as did thiouracil alone, 
and the effects of thiouracil and estrogen were roughly additive. The results 
are consistent with those of experiments A and B. Similar considerations 
apply to the effects on liver lipid. 

Both levels of estrogen had clear-cut, significant positive effects on kidney 
weight per kgm. live weight, as had thiouracil of itself. Thiouracil plus the 
lower level of estrogen did not give a larger kidney than did thiouracil alone, 
but thiouracil plus the higher dose of estrogen did. Similar relations applied 
to the protein content of the liver. It is fairly well established that estrogen 
in doses of the order used will increase kidney weight; androgen has been 
shown to reduce kidney weight (6) and androgen plus estrogen gives a smaller 
kidney than does estrogen alone. 

The data for the effects of thiouracil on the responses of the oviduct to 
estrogen are difficult to interpret. Thiouracil at a level of 1% of the diet 
increased the response of the oviduct to ODB in earlier experiments in this 
laboratory (1) (Table I, experiment A). In subsequent experiments in the 
same laboratory, thiouracil slightly depressed the effect of ODB + TST on 
the oviduct (2) and this effect attained significance at P = 0.05 in one 
experiment (Table I, experiment B). In the two experiments now reported, 
slight positive effects of thiouracil on the responses to the higher level of 
exogenous estrogen did not attain significance even at P = 0.10 (experiment 
1) or P = 0.05 (experiment 2). The present results, therefore, do not provide 
any evidence that thiouracil can modify the responses of the oviduct to 
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estrogen. One is left with the alternatives of dismissing the observations 
on oviduct response in experiments A and B (Table I) as fortuitous, or of 
regarding the influence of thiouracil on the responses of the oviduct to estrogen 
as calling for closer study because of the undoubted complexity of the endo- 


crine relationships that are involved. Our own opinion inclines to the latter 
view. 
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IMMEDIATE EFFECTS OF RAPID HEMORRHAGE 
ON HEMODYNAMICS IN THE DOG! 


By RussELL A. WAupD AND DouGLas R. WAupD 


Abstract 


Dogs were anesthetized by the intravenous injection of sodium pentobarbital. 
Viscosity, hematocrit, blood pressure, cardiac index, stroke output, cardiac 
output, heart rate, peripheral resistance, red blood cell count, blood volume/ 
body surface area, cell volume/area, plasma volume/area, plasma protein, 
hemoglobin, specific gravity of whole blood, cell size, color index, and sedimenta- 
tion rate were determined in 16 dogs, before and following hemorrhage, and in 
seven controls. The following points were demonstrated: following hemorrhage 
the viscosity, hematocrit, blood pressure, stroke output, minute output, blood 
volume, and cell volume were markedly decreased. The decrease in blood 
volume, by limiting the venous return, was probably the cause of the decreased 
minute output and fall in blood pressure; this, by reducing the capillary flow, 
deprived the tissues of an adequate supply of oxygen. There was no significant 
change in the heart rate. The total peripheral resistance (T.P.R.) was greatly 
increased. The fall in hematocrit indicates a hemodilution which was probably 
the main factor in reducing the viscosity. It would appear that the decreased 
blood volume was the primary cause of the fall in blood pressure following 
hemorrhage and that a lowering of viscosity was not a large factor. There was 
no significant change following hemorrhage in the cardiac index, color index, cell 
size, white cell count, specific gravity of plasma, or sedimentation rate. 


Introduction 


Hypotension is the most obvious sign in experimental hemorrhagic shock. 
In order to effectively treat this condition it is important to consider the main 
factors which maintain blood pressure; these are cardiac output, blood volume, 
and peripheral resistance. The latter is dependent on two factors, caliber 
of the vessels and apparent viscosity of the blood. As very few experimental 
data are available on the viscosity of the blood in hemorrhagic shock, it was 
felt that a study of viscosity, along with other factors involved in maintaining 
blood pressure, should contribute valuable information to the problem. 


Methods 


Dogs were anesthetized by the intravenous injection of 25 mgm./kgm. of 
sodium pentobarbital (‘‘Nembutal’’) and placed on the operating table. 
Additional sodium pentobarbital was given during the experiment, if and when 
required, to keep the animal in the second plane of the third stage of anesthesia. 
A sample of blood for analysis was taken from the carotid artery immediately 
after the anesthetic was given and every half hour thereafter throughout the 
experimental period. The following estimations were carried out on each of 
the blood samples: hematocrit, red cell count, blood cell volume, whole blood 
volume, plasma volume, specific gravity of whole blood and of plasma, plasma 
protein, grams per cent hemoglobin, cell size, color index, and sedimentation 
rate. 


1Manuscript received February 8, 1956. 


Contribution from the Department of Pharmacology, University of Western Ontario 
Medical School, London, Ontario. 
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Following the giving of the anesthetic the right external jugular vein was 
isolated and with the aid of a fluoroscope, a small catheter was placed in the 
pulmonary artery for obtaining mixed venous blood for cardiac output 
determinations. The left femoral artery was then connected to a mercury 
manometer for recording blood pressure on a smoked drum. In order to 
make repeated estimations of the relative viscosity, and at the same time 
remove very little blood from the animal, a modification of a viscosimeter, 
designed by one of us (Waud (10)), was used. The viscosimeter (Fig. 1) 
was connected to the right common carotid artery and external jugular vein. 
Viscosity determinations were made every two to three minutes throughout 
the experiments. Blood was allowed to flow into the viscosimeter from the 
carotid artery and then forced out, under a constant pressure of 150 mm. Hg, 
through the capillary tube of the viscosimeter into the jugular vein. The 
viscosity was calculated from the time taken for 5 ml. of the blood—the 
capacity of the viscosimeter—to flow through the capillary tube as compared 
to the time taken by water. 

The blood volume was estimated serially by the injection of Evans blue. 
Shapiro’s calculations were used (8). Because of the residual dye remaining 
from previous injections it was necessary to do blanks before each injection. 

Cardiac outputs were determined by the Fick principle. The oxygen 
consumption was measured with the Benedict-Roth spirometer. Arterial 
and venous oxygens were determined with the Roughton and Scholander 
apparatus; on checking with the Van Slyke apparatus it was found that the 
results were parallel. 
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Fic. 1. Viscosimeter. Opening at bottom right is placed in the carotid artery and 
end of capillary tube, bottom left, in external jugular vein. Pressure (150 mm. Hg) is 
applied to top right opening. Left top opening is for escape of air while filling. Bulldog 
on carotid artery is open only during filling. 
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Surface area was measured using the Cowgill and Drabkin (3) formula 
and heart rate was obtained from the e. c. g. In addition to the above direct 
measurements, the following were calculated: 


minute output (liters/min.) 


Strok t : 
(a) Seren oatges heart rate (beats/min.) 





II 





minute output (liters/min.) 


(6) Cardiac index area (meters?) 


(c) Peripheral resistance—this was expressed in peripheral resistance units 
(P.R.U.) (Green)— 
blood pressure (mm. Hg) 
cardiac output (ml./min.)’ 





(d) Hemoglobin estimations. As these could not be done by the usual 
colorimetric method because of the Evans blue, they were estimated by a 
monogram constructed by Simons and Gentzbow (9), in which the hemo- 
globin is determined from the specific gravity of whole blood and of plasma 
(15 mgm./100 ml. was taken as 100%). 


. Hb 
(e) Color index = RBC’ 

‘ hematocrit 
(f) Cell size = a 


(g) Since cell volume and plasma volume vary with the area of the animal, 
they were calculated in relation to the surface area in square meters. 

The experimental animals were bled to a blood pressure of 50 mm. Hg after 
the second cardiac output sample of blood was taken. The hemorrhage was 
rapid in order to simulate conditions in wounds of violence. 


Statistical Method 


In the graphs, the mean values were plotted with the standard error of the 
difference (obtained by analysis of variance) as limits (Quennouille (7)). 
Thus the graphs show differences at the 95% probability level. 

A multiple correlation between viscosity and hematocrit, specific gravity of 
plasma, and cell size was done, and the partial correlation coefficients found, 
in order to study the relationship between these factors. 


Results 
The estimating equation for viscosity (V) from hematocrit (J), specific 
gravity of the plasma (G,), and cell size (CS) was found to be 


V = —1.450+0.06477 H+0.08411 G,—0.6664 CS 
(standard error of estimation = 0.243). 


The multiple correlation coefficient between viscosity and the other three 
factors is 0.894+0.06.* The partial correlation coefficients were: between 
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Fic. 2. The mean values with standard errors of the difference as the limits for viscosity, 


hematocrit, and blood pressure in the experimental animals and hematocrit and blood 
pressure in the control animals. 


viscosity and hematocrit 0.892 +0.06,* between viscosity and plasma specific 
gravity 0.471+0.20,* and between viscosity and cell size 0.218+0.30.* 

Thus it is seen that hematocrit was the main factor governing viscosity 
while plasma specific gravity had a slight effect. Cell size had no effect. 

Fig. 2 shows the mean values with the standard error of the difference as 
the limits (as described under Methods) for viscosity, hematocrit, and blood 
pressure in the experimental animals and the hematocrit and blood pressure 
in the control animals. For the first hour after anesthesia there was a steady 
rise in viscosity and in hematocrit, after which they levelled off. When the 
animals were hemorrhaged both the viscosity and the hematocrit fell, while 
in the control series of animals, which were not hemorrhaged, the hematocrit 


* 95% confidence limits. 
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remained at the normal level to the end of the experiments. Although vis- 
cosity determinations were not carried out on the controls, the close correlation 
with the hematocrit (0.892) showed that after the initial rise to normal it 
would continue at the same level, so that in the absence of shock the drop in 
viscosity would not have occurred in the controls. Hemoglobin, erythrocyte 
count, and specific gravity of whole blood showed parallel changes. 

Blood is not a homogeneous fluid. Hess (5) has shown that one result of 
this is that the apparent viscosity of the blood falls as the driving pressure 
(and therefore, the rate of flow) rises. The 150 mm. Hg pressure which we 
used to drive the blood through the viscosimeter approximates the pressure 
in the arteries of the dog, but is much greater than that in the case of the 
Oswald viscosimeter, in which gravity is the force. Our viscosity values, 
therefore, are lower than those obtained with the Oswald, but are probably 
more physiological. 

The mean blood pressure of the control animals fell from 149 to 126 mm. 
Hg during the course of the experiments. Up to the point of hemorrhage the 
mean blood pressure of the experimental animals followed closely that of the 
controls. Following hemorrhage it fell from 122 to 50 mm. Hg and remained 
low for the remainder of the experiment. 

Fig. 3 shows the mean values with the standard error of the difference as 
limits for heart rate, stroke output, cardiac output, and peripheral resistance. 
There was no significant change in the heart rate of the controls, nor of the 
experimental animals. Following hemorrhage there was a significant fall in 
stroke output and cardiac output and a significant rise in peripheral resistance. 

Fig. 4 shows the mean values with the standard error of the difference as 
limits for blood volume, cell volume, and plasma volume. There was no 
significant change in any of these values in the controls. In the experimental 
animals following hemorrhage there was a significant fall in blood volume and 
in cell volume, but not in plasma volume. The plasma specific gravity and 
protein fell in both the controls and the experimental animals. The red blood 
cell count fell significantly. We could not demonstrate a difference in cardiac 
index, color index, cell size, white cell count, specific gravity of plasma, or 
sedimentation rate between the controls and the experimental series. 


Discussion 

Effects of Anesthesia 

Bourne et a/. (2) and Green et al. (4) found that sodium pentobarbital reduced 
the hematocrit. The latter group reported that it decreased 5 to 11 cell 
volumes per cent one-half hour after the injection of sodium pentobarbital, 
after which time it began to return to normal and was stabilized in two and 
one-half hours. (They associated the fall with an increase in cutaneous blood 
flow.) The initial rise in hematocrit (Fig. 2), therefore, represents a return 
to normal following the administration of the anesthetic. The viscosity 
behaves similarly. 
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Fic. 4. The mean values with standard errors of the difference as the limits for blood 
volume, cell volume, and plasma volume in control and in hemorrhaged animals. 


Effects of Hemorrhage 


An increase in heart rate is considered to be an accompaniment of acute 
hemorrhage in dogs (1). We found noincrease. This discrepancy is probably 
due to our use of pentobarbital as an anesthetic. The prehemorrhage heart 
rates in our dogs were very high, making it difficult to demonstrate any further 
increase. Price et al. (6), who used pentobarbital, were also unable to show a 
rise following hemorrhage. 

In our experiments the viscosity followed the hematocrit closely, as was 
shown by the high correlation coefficient (0.892). This indicates that the 
viscosity changes are due largely to changes in hematocrit. The effect of this 
drop in hematocrit and consequently in viscosity following hemorrhage would 
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tend to lower the peripheral resistance. From Fig. 3 it will be seen that there 
was a considerable rise in total peripheral resistance (T.P.R.). (Observations 
and microphotography in this laboratory (11) support this finding. Following 
hemorrhage the microscopic vessels of the cornea are seen to be practically 
empty.) 

The vasoconstriction was evidently so great that, in addition to over- 
shadowing the decrease in viscosity, it resulted in a marked rise in T.P.R. 
Changes in the other indices measured (e.g. cardiac output, blood volume) 
are sufficient to explain the whole hemodynamic picture. Our continuous 
viscosity measurements have demonstrated that this factor is not significant. 
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ELECTROLYTE METABOLISM IN THE RAT EXPOSED 
TO IONIZING RADIATION! 


By D. G. BAKER AND E. A. SELLERS 


Abstract 


Some observations concerning electrolyte metabolism in rats subjected to 
single doses of X irradiation and to prolonged exposure to gamma irradiation 
are described. Blood electrolyte changes were slight even when severe radia- 
tion damage was present. During prolonged exposure to gamma irradiation 
at 60 roentgens per 24 hr. the adrenal glands first increased in weight then 
decreased to the pre-exposure values. This may represent a type of adaptation 
to slowly administered irradiation. Balance studies on rats exposed to gamma 
irradiation at a dose rate of 60 roentgens per 24 hr. showed a small loss of sodium, 
potassium, and chloride during the initial period of the exposure. During the 
remainder of the exposure period the sodium and chloride remained nearly in 
balance although the body weights decreased. Potassium balance remained 
negative during the exposure. The stability of the electrolyte composition of 
the blood and of electrolyte balance, in the presence of widespread damage 
which results from irradiation, is considered highly significant. 


There is at present wide interest concerning the manner in which ionizing 
radiations affect metabolic processes in intact animals. The work reported 
in this paper was undertaken in an attempt to clarify some of the conflicting 
reports on electrolyte metabolism in animals exposed to ionizing radiation. 
To this end, measurements of potassium, sodium, and chloride in blood 
after irradiation were undertaken. Balance studies during prolonged ex- 
posure to gamma irradiation were also performed. 


Methods and Procedure 


Female rats of the Wistar strain bred in our own department were used 
throughout this work. Unless otherwise stated, all rats were offered a labora- 
tory ration (Fox Breeder Cubes, Toronto Elevators) and water ad libitum. 
Animals undergoing balance studies were offered deionized water. 

X radiation was delivered by a Picker Corp. therapy unit operated at 200 
kv. and 19 ma. The filtration factors were 1 mm. Al and 0.5 mm. Cu (half- 
value-layer = 0.9 mm. Cu). The source to target distance was 50 cm. 
Under these conditions, 31 roentgens (r.), measured in air, were delivered 
per minute (‘‘Fast’’ irradiation). The rats were irradiated in groups of 6 
to 10 contained in a shallow plastic box. 

Gamma radiation was from a Co® source. The rats were irradiated by 
placing the cages in circular fashion around the source, and the dose rate 
was calculated from the known activity of the source. The calculated dose 
was checked using a Beckman MX-4 radiation meter. Because the dose 
rate was much less than in the case of the X radiation the process is referred 
to as “‘slow irradiation’. 


1Manuscript received May 14, 1956. . 
Contribution from the Department of Physiology, University of Toronto, Toronto, Ontario. 
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Blood for electrolyte analysis was obtained by direct cardiac puncture as 
previously described (1). 

Sodium and potassium values were determined using the Beckman DU 
Spectrophotometer with the flame attachment. The plasma chlorides were 
measured by the method of Schales and Schales (18) while the chlorides 
excreted were estimated by a modification of the procedure of Van Slyke 
(22). The hematocrit, hemoglobin, and concentrations of total plasma 


protein were estimated using the specific gravity method of Phillips et al. 
(16). 


Experiment 1—Fast Irradiation 
A total of 55 rats (six groups) were exposed to 650 r. whole-body X radia- 
tion. Blood samples were taken from a group sacrificed immediately before 


irradiation (zero time) ard from similar groups at 17, 40, 64, 112, and 136 
hr. after irradiation. 


Experiment 2 


This was a repetition of experiment 1 except that the amount of radiation 
was increased to 900 r. (LD 99/30). 


Experiment 3—Slow Irradiation 

A total of 138 rats were exposed to gamma irradiation at 60 r. per 24 hr. 
These conditions were used since previous experience in this laboratory 
indicated that such an exposure could be tolerated by our rats for a prolonged 
period of time. Every second day a group of rats was sacrificed, the blood 
taken for analysis, and the carcasses used for pathological studies and to 
follow changes in organ weights. In this manner 13 groups of rats receiving 


from 0 up to 1620 r. gamma radiation respectively to the whole body were 
examined. 


Experiment 4 


This was an extension of the preceding work in order to see the effect of 
continuous gamma irradiation on the sodium, chloride, and potassium balance 
of the rat. Two groups consisting of five rats each were used. These animals 
had initial body weights of approximately 220 gm. The rats were all placed 
in metabolism cages and one group was exposed to gamma radiation at 60 r. 
per day. The remaining five rats served as controls, pair-fed with the irradi- 
ated group. From the daily food intake and the analysis of the diet, the 
total amount of sodium, potassium, and chloride taken in by each rat was 
calculated. Analysis of the daily excreta (urine plus feces) indicated the 
amount of each electrolyte lost by the rat. The difference between the elec- 


trolytes ingested and the electrolytes excreted is referred to as the electrolyte 
balance. 


Experiment 5 

The total body water of the rats during the first three days of irradiation 
was studied as follows. Four groups, each consisting of 10 rats, were used. 
One group was sacrificed immediately before irradiation (non-irradiated 
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controls) and further groups were sacrificed after the first, second, and third 
days of exposure. Total body water for each rat was estimated using the 
desiccation method of Salter et al. (17). 


Results 
Experiment 1 (Figs. 1 and 2) 

At the mid-lethal exposure there was no significant effect on the concentra- 
tions of the plasma electrolytes. After several days the hematocrit value, 
hemoglobin, and total plasma protein concentrations began to decrease 
sharply. 
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Experiment 2 (Figs. 3 and 4) 


A lethal exposure failed to produce significant alterations in the plasma 
electrolyte concentrations during the six-day experimental period used. 
The changes in the other blood constituents examined were similar to the 
response seen in experiment 1. 


Experiment 3 (Figs. 5, 6, and 11) 


Throughout the exposure period of approximately 28 days the plasma 
electrolyte concentrations showed no significant deviation from the normal 
range. It is of interest to note that the plasma sodium concentration was 
highest at about the same time that the adrenal gland weight was maximal. 
The hematocrit value, hemoglobin, and plasma protein concentrations were 
unaffected under the experimental conditions used. Adrenal weight first 
increased then returned to approximately the preirradiated value in the face 
of continuous exposure. 


Experiment 4 (Figs. 7, 8, 9, 10, and 12) 


During the control (preirradiation) period all animais appeared to be 
approximately in balance with respect to the three electrolytes studied. 
The first day of exposure was accompanied by a small but significant negative 
balance for sodium, potassium, and chloride. This also occurred on day 3 
with respect to the chloride balance. Throughout the remainder of the 
exposure period the sodium, potassium, and chloride balances fluctuated 
about the zero mark, however, showing small negative values (total electro- 
lyte loss) more frequently than positive ones. The pair-fed control rats 
showed electrolyte balances which fluctuated about the zero mark with the 
sodium balance tending more frequently to be positive (sodium retention) 
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Fics. 5 and 6. The effect on blood composition produced by continuous whole-body 
gamma irradiation at a dose rate of 60 r./day. 
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Fic. 13. The weights of the irradiated and pair-fed rats. The data for Figs. 7, 8, 9, 
10, 12, and 13 were derived from the same rats. 





and the potassium balance negative. At the termination of the irradiation 
period both the irradiated and control groups showed a marked positive 


electrolyte balance. This was coincident with the increase in food intake 
and body weight. 


Experiment 5 


The total body water of the irradiated rats was not attested different 
from that of the non-irradiated group. 


Discussion and Conclusions 


For at least 136 hr. after exposure to X irradiation in the mid-lethal and 
lethal ranges, the plasma potassium, sodium, and chloride concentrations 
showed no significant deviations from the preirradiation values. These 
findings are in contrast to the observations of Kohn (13, 12) and others 
(11, 14, 3, 10) but confirm those of Brown et al. (5) and others (19, 9). 

The hematocrit value, hemoglobin, and total plasma protein concentra- 
tions were significantly decreased starting at about the 64 hr. period. Similar 
findings have been reported by many workers and are due, to some extent, 
to simple dilution arising from an increased plasma volume (9, 20). The 
constancy of the plasma electrolyte concentrations in the presence of anorexia, 
loss of body weight, tissue damage, and the other signs of “radiation sick- 
ness’’ was somewhat unexpected and indicates the efficacy of the homeostatic 
mechanisms that regulate electrolyte metabolism. 
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The balance studies carried out during the “slow irradiation’’ showed that 
a transient loss of electrolyte occurred during the exposure period. At the 
time of this loss, no reduction in total body water was observed, the values 
obtained being similar to those reported by Cizek (8). Therefore, although 
there was a reduction in water intake, no increased excretion of water such 
as that observed by Boss and Evans (4) could possibly have occurred. Urine 
volumes were not measured. Balance studies by Castor et al. (7), who 
exposed rats to an LD 50/14 of X irradiation, indicated an initial loss of 
sodium, potassium, and chloride. They observed a recovery of electrolyte 
balance after about one week. 

Following the early loss of sodium and chloride the balance with respect 
to these electrolytes remained near the zero value. This continued in the 
face of a persistent decrease in body weight. A shift of sodium and chloride 
into the intracellular space, although at present we have no analytical data 
to support this suggestion, is consistent with our observations. The slight 
but definite negative potassium balance observed during the irradiation is 
probably associated with the decreasing body weight since a similar pattern 
occurred in the pair-fed rats. 

It is likely that the lower food intake of the rats undergoing irradiation 
is the most important factor influencing body weight, Figs. 10 and 13. A 
significant decrease occurred in the water intake of the irradiated rats during 
the first two weeks of exposure. A similar observation has been made by 
Trum et al. (21) for burros irradiated at 400 r. per day, but opposite findings 
have been reported for rats exposed to a single dose of X irradiation (15, 6). 

It is of interest to note that the weights of the adrenal glands first increased 
during exposure to gamma irradiation but later, in spite of continued exposure, 
fell to the initial values. This may be related to the development of a type 
of adaptation to irradiation, when this is carried out at low dose rates. In 
other experiments of this nature bedy weight has returned to normal during 
continuous exposure to irradiation (2). 
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CHANGES IN THE ELECTROCARDIOGRAM 
AND HEART CHOLINE ESTER CONTENT OF 
THIAMINE-DEFICIENT AND PAIR-FED RATS! 


By A. B. L. BEzNAkK 
With the technical assistance of Mrs. 1. ROBINEAU 


Abstract 


The choline ester content of trichloroacetic acid extracts of thiamine-deficient, 
pair-fed, and normal rat hearts was determined by differential assays on the 
eserinized frog rectus and guinea pig gut. The thiamine-deficient hearts 
contained about 3.5 times more choline ester than the normal hearts, while the 
pair-fed ones about twice as much. It is concluded from results of differential 
assays and filter paper chromatography of the trichloroacetic acid extracts that 
the chief, probably the only, choline ester in all the three groups is acetyl choline. 
It is also pointed out that the possibility of the presence of a mixture of pyruvyl, 
propionyl, and acetyl choline in the thiamine-deficient heart could not be excluded 
with these methods. Bradycardia and increased R voltage develop both in 
thiamine-deficient and in pair-fed rats, but are more pronounced in the former 
group. When the three groups of rats, normal, pair-fed, and thiamine-deficient, 
were treated as a single population a positive correlation was found between R 
voltage and total ACh equivalent and an inverse correlation between heart rate 
and ACh equivalent. The trichloroacetic acid extracts of rat hearts of all the 
three groups contain a positive inotropic substance (or substances) and sub- 
stances which absorb ultraviolet light, most probably nucleic acid derivatives, 
which interfere with the frog heart assay A choline esters. The ultraviolet 
absorbing compounds are the bearers of most of the positive inotropic activity. 
These can be separated from the negative inotropic choline esters by filter paper 
chromatography. 


Introduction 


ACh probably has a twofold action on the impulse generation in the heart. 
When liberated at the nerve endings as a result of vagal activity it slows the 
heart as proved by the classical researches of Otto Loewi (16). In contrast 
to this ‘exogenous ACh”’ it is alleged that ACh is also synthesized in the 
cardiac cell, probably in the cell membrane itself (‘endogenous ACh”’ of Burn 
(10), “‘herzeigene’’ ACh of Rothschuch (22) ). This endogenous ACh appears 
to contribute to cardiac impulse generation .(24). 

A slowing of the heart may, therefore, be caused either by an increased 
liberation of exogenous ACh at the vagal nerve endings or by a reduced rate 
of endogenous ACh synthesis in the impulse generating apparatus of the 
cardiac cell itself. 

The possibility that bradycardia in thiamine deficiency may be due to a 
decreased ability of the heart to acetylate choline was investigated previously 
(8). No significant reduction in the acetylating ability of heart acetone 
powders could be shown. It was therefore suggested that if slowing is due to a 
decreased intracardiac synthesis this may be due to a diminution in available 

1Manuscript received March 9, 1956. 
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acetylions. This, it was assumed, would be the consequence of the diminished 
rate of pyruvic acid decarboxylation, which occurs in thiamine-deficient 
hearts as a result of their lack of cocarboxylase. 


The great increase in the pyruvic acid content of the thiamine-deficient 
heart and blood (13) presents, however, another interesting possibility, 
namely that of a synthesis of pyruvyl choline in lieu of the acetyl ester. The 
observation of the Nachmansohn group that there is an increase in the rectus 
contracting activity of incubates of acetone powder when pyruvic acid is added 
as a substrate to the enzyme system lends verisimilitude to this assumption (14). 


The possibility that the disorders of cardiac automamatism in thiamine 
deficiency are due to pyruvic acid poisoning itself was subjected to a good deal 
of experimentation (13). The hypothesis was, however, discarded because 
the concentration of pyruvic acid in the thiamine-deficient heart never reaches 
the height which has to be attained in order to produce e.c.g. abnormalities 
by injections of pyruvic acid (27). 

Appearance of pyruvy!l instead of acetyl choline may, however, easily account 
for these disorders. It was shown by Biilbring, Burn, and Shelley that 
pyruvyl choline (PyCh) is only 1/20 as active as acetyl choline on the frog 
heart (9). It is, therefore, likely that both the cardio-inhibitor as well as the 
alleged impulse generating function of choline esters would be profoundly 
altered if pyruvyl and not acetyl choline was synthesized. 


Whittaker and his co-workers (4, 12) and Augustinsson (1, 2) elaborated 
procedures for the differential determination of choline esters based on the 
characteristic differences in the responses of different assay objects to different 
choline esters, and by filter paper chromatography. With this method 
Banister, Whittaker, and Wijesundera (4, 12) showed the presence of propionyl 
choline (PrCh) (besides acetyl choline) in ox spleen. They also observed the 
presence of another compound with a choline ester activity but having a 
higher Rr than the other two esters. They considered the possibility of 
this ‘‘fast component”’ being identical with pyruvyl choline. This possibility 
was rejected because the absorption spectrum of its hydrolyzate after treat- 
ment with 4-nitro- and 2,4-dinitro-phenylhydrazine gave maxima differing 
from pure pyruvic acid. 

Whether we assume that cocarboxylase deficiency leads to a fall in the 
ACh content or that it results in the appearance of PyCh, a diminution in 


the choline esteric activity of extracts of thiamine-deficient hearts would be 
expected. 


Contrary to this expectation Martin and Liss4k (20) came to the conclusion 
that there is a 10-fold increase in the diffustble ACh equivalent of thiamine- 
deficient rat hearts. 


It was with these ideas in our mind that differential determinations of the 
total choline ester content of thiamine-deficient hearts was undertaken. 
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Experimental 
Methods 

The experimental work was done from May 1 to October 31, 1955. 

Thiamine-deficient rats (—T) were obtained by the same technic as described 
in a previous paper (8). In these experiments, however, the rats lived in 
individual cages. 

The pair-fed rats (p.f.) received from the same synthetic diet completed 
with 1 gm. thiamine-HCl per 100 lb. as much as their thiamine-deficient 
mates ate on the previous day or days. The distilled water consumption of 
the pair-fed rats was not restricted. 

The normal rats (n.) lived on Purina Fox Chow fed ad libitum. 

E.c.g. records were taken as described in a previous paper (8) but in 
several cases all the three conventional leads were recorded. 

The —T rats were killed when their symptoms had been very severe for a 
week or so. Two rats were killed in premortal coma. In these cases there 
was no ether anesthesia. Of the 20 rats with which we started this series, 
in only nine could the complete analysis be carried out. Simultaneously with 
a —T rat its p.f. mate and a n. rat were also worked up. We called such a 
set a “‘triplet’’. 

The rats were beheaded by a guillotine. The excised hearts were allowed 
to wash themselves free of blood in an oxygenated Locke’s solution at 38° C., 
containing 2 X 10~ eserine salicylate, dried in filter paper, weighed, ground 
in a small mortar, which had been cooled to —10 to —15° C., with about 
20 times their weight of 10% TCA at 5° C., (11) in the presence of 140 mesh 
quartz sand. The suspension was mechanically shaken for 20 min. at room 
temperature, centrifuged, and the solid residue washed on the centrifuge with 
2 ml. 10% TCA. The extract was shaken six times with 3 ml. anhydrous, 
highest purity ether (Merck) saturated with distilled water.* After each 
shaking at least 15 min. were allowed for separation. The ether fractions 
were collected, allowed to stand, and the water layer which separated was 
re-added to the extract. The acid extract (pH 4) was filtered through a 
wet filter paper into a large test tube. A fractionating piece was applied to 
the tube and the ether was distilled off under vacuum, the bath temperature 
being kept below 40° C. The extract was made up with distilled water to 
20 times the volume of the weight of the heart. One tenth of it was taken out 
for the frog heart and guinea pig gut assays. The remaining 9/10 was halved; 
one half of it was used for the rectus assay (18), the other for the filter paper 
chromatography. 

For the bio-assays the tonicity of the extract was adjusted to that of frog 
Ringer or mammalian Tyrode. In the frog rectus assay the Ringer solutions 

*In special experiments it was found that some recti abdominis muscles of the frog are sensitized 
to ACh during the first three to five additions by small residual concentrations of TCA. he 
sensitivity of these rectuses rapidly diminished during subsequent additions. This necessitated 
more than the usual three extractions with ether. Then it was also found that if the total volume of 


certain ethers used in the extraction was large a rectus sensitizing substance was extracted from these 


ethers too. (The substance is probably acetone (5).) We found the best results with the above- 
mentioned ether. 








848 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


contained 2 X 10 eserine salicylate gm./ml. All solutions used in the gut 
assay contained mepyramine malleate (Neoantergan, Poulenc) 5 X 107’ 
gm./ml. 

For the filter paper chromatography the assigned half of the extract was 
filtered again through a wet filter. It was poured into a 15 ml. sharply conical 
centrifuge tube and was concentrated down under vacuum to about 0.2 ml. 
at 40° C. bath temperature. The wall of the tube was wetted; then the tube 
was centrifuged to collect all the fluid from the wall in the tip. It was then 
placed in an upright position into a vacuum desiccator containing P.O; and 
was allowed to stand therein as long as about 0.1 ml. fluid remained in the 
tip of the tube. The wall of the tube was scraped into the tip of the tube with 
0.2 ml. of distilled water with a thin glass rod covered with a white rubber 
tubing. 

The golden yellow, clear, thin sirup was then spotted on Whatman No. 1 
chromatography paper; to speed up evaporation the paper was put into a 
P.O; vacuum desiccator each time after a tiny drop of the extract was added 
to the spot. Three spots were usually made, those of the extracts of the —T, 
its p.f., and the normal rat hearts. When dried they formed a shining crust 
on the paper the color of which varied from very pale yellow to yellow-green. 
The width of the paper was 117 mm. The runs lasted for seven hours with the 
exception of one ‘‘triplet’’, which lasted only five hours. The spot to solvent- 
front distance varied around 18 cm. 

After drying, the paper was observed under the ultraviolet lamp. The 
visible patterns were either copied on to a tracer paper or the chromatogram 
was put on top of a photosensitive paper Kodak Velox F.2. and exposed to the 
ultraviolet light. 

The paper was cut lengthwise into three strips each 38 mm. wide corre- 
sponding to the three different extracts of the triplet. The strips were cut 
horizontally at distances of 20mm. The strip containing the spot was marked 
O, the subsequent strips including the solvent front were numbered 1 to 9. 

The strips were eluted with 7 ml. of frog Ringer, and adjusted to pH 7.6 
with NaHCO;. The eluates were diluted with frog Ringer or Tyrode for 
bio-assay on the Straub heart or the guinea pig gut. 


Results 


A. Assays of the TCA Extracts of the Rat Hearts 

(a) The Frog Heart 

The response of the frog heart to the extracts of rat hearts was not a simple 
negative ino- and chrono-tropic effect as is that of a pure ACh solution. The 
extracts in dilutions 10~* to 10-* slowed the heart, increased the amplitude of 
its contractions, and antagonized the negative inotropic effect of ACh in hearts 
rendered hypodynamic by prolonged testing; the positive inotropic effect of 
the dilute extracts persisted after they were washed out. 

Loewi (15) showed that adenosine mono-, di-, and tri-phosphate produce 
such effects on the frog heart. Indeed the similarity between Loewi’s records 
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of the effects of these compounds and ours with the TCA extracts is striking 
to the smallest detail. It will be noted below that in paper chromatograms 
these effects are associated with a strong ultraviolet absorption. It is likely, 
therefore, that at least a part of this activity was due to the presence of adeno- 
sine compounds. The extracts in concentrations of 10 had a negative 
inotropic and chronotropic effect which were presumably due to ACh, but a 
quantitative assay was not feasible. 


(b) The Eserinized Frog Rectus and Guinea Pig Gut 


The results of the assays of choline esteric activities of the TCA extracts 
of hearts of the three groups of rats with the eserinized rectus and guinea pig 
gut assays are shown in Tables I, II, and III. 


TABLE I 


THE CHOLINE ESTER ACTIVITY OF THE TCA EXTRACTS OF THIAMINE-DEFICIENT, 
PAIR-FED, AND NORMAL RAT HEARTS IN ACH EQUIVALENTS (uwGM. ACH/GM. HEART) 
































Rectus Guinea pig gut 
State of animals n x Or x Cz 
Thiamine-deficient 10 1.87 0.18 1.29 0.25 
Pair-fed 9 1.05 0.18 0.95 0.16 
Normal 7 0.44 0.16 0.57 0.13 
TABLE II 
VALUES OF P BETWEEN THE GROUPS OF THIAMINE-DEFICIENT, PAIR-FED, 
AND NORMAL RATS 
—-T p.f. n. 
| 
—0.01> P >0.001 —————> 0.05 > P >0.02— 
Rectus 
+ P <0.001 — 
| 
—0.3 > P >0.2 «0.2 > P >0.1 — 
Gut 








—0.05> P >0.02 





TABLE III 


VALUES OF P OF THE DIFFERENCES BETWEEN THE ACH 
EQUIVALENT VALUES OBTAINED BY TWO DIFFERENT ASSAY 
OBJECTS, RECTUS AND GUINEA PIG GUT IN THE SAME 
GROUPS OF RATS, THIAMINE-DEFICIENT, PAIR-FED, 
AND NORMAL 











Groups Rectus — guinea pig gut difference 
—-T 0.1> P>0.05 
p.f. 0.7> P>0.6 


n. 0.6> P>0.5 
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It will be seen in these tables that the eserinized rectus and the guinea pig 
gut gave comparable results and their variances were reasonable. The dif- 
ferences between the averages of these two assays (Table III) were not 
significant. 

Comparing the different groups of rats (Table I) it will be clear that with 
both assays the highest activity was found in the —T, lower in the p.f., and 
lowest in the n. group. ; 

In the —T group the rectus gave on an average higher results than the gut 
but the significance fell below the 5% level (0.1 > P > 0.05) (Table III).* 

In considering the possible causes of the occasionally greater rectus than gut 
values in the thiamine-deficient group all such ideas that this difference was 
due to the presence of an antihistaminic compound in the gut bath, which 
depressed its response to ACh (23), or that the ACh decomposed (as the gut 
assays were done a day or two after the frog heart assays), must be ruled out 
because the assays were always done in triplets; hence, these depressant factors 
would have had the same effect in the p.f. and n. animals as well. 

The cause of the greater rectus-action of the —T extract must, therefore, 
lie in this extract. This may be either the appearance of a choline ester which 
stimulates rectus more than gut, such is propionyl choline (PrCh), or of a 
substance (or substances) which sensitizes rectus to ACh while it depresses 
the response of the gut. 


Certainly not all the choline ester is changed into PrCh, because the rectus: 
gut response ratio of the extract is 1.45 : 1.0 and not 45 : 1.0 (4). 

Propionyl choline was shown to be a constituent of ox spleen (4, 12); its 
concentration may conceivably increase in thiamine deficiency as does that of 
pyruvic acid, and the choline esterifying system was shown to be able to 
propionate choline (14, 12). 

These arguments render the appearance of PrCh a possibility. However, 
they, support equally the appearance of PyCh. If, therefore, we admit the 
appearance of propionyl choline we must do likewise for PyCh and assume that 
in the thiamine-deficient extract a mixture of choline esters is present. In this 
ACh, PrCh, and PyCh would take part in such proportions in which the found 
rectus/gut activity ratio is obtained. 


We are now going to consider the other possible explanation of the greater 
rectus than gut activity of the thiamine-deficient extract, namely that it was 
due to the presence of rectus sensitizing and/or gut depressing substances. 

Torda and Wolff (26) and Babsky and Minajew (3) found greater rectus 
response to ACh in the presence of ATP. Beznak (7) showed that this was 
due to a release of ACh catalyzed by ATP. Torda and Wolff (26) also 
showed that adenylic acid, adenine sulphate, and adenine acetate in 0.2 
mgm./100 ml. and greater concentrations and adenosine in concentration of 


0.02 mgm./100 ml. increase slightly the sensitivity of the eserinized rectus to 
ACh. 


*A paired t test on the two populations of results (rectus and gut) gave the same P value. 
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TABLE IV 


ACH EQUIVALENTS (uGM./GM. HEART); AVERAGES OF ESERINIZED FROG RECTUS 
AND GUINEA PIG GUT ASSAYS IN —T, P.F., AND N. RATS 








—T p.f. n. (—T) — (n.) (—T) — (p.f.) (p.f.) — (n.) 


n x n x n Diff. D.F. P Diff. D.F. =P Diff. D.F. P 


1.59 9 0.98 11 0.51 7 1.08 14 0.0001 0.61 18 0.0001 0.47 16 0.01 





The slowly moving ultraviolet absorbing streak in the filter paper chromato- 
grams and the form of the positive inotropic action of the eluates of these 
areas prove the presence of adenosine compounds in large amounts in TCA 
extracts of hearts. 

Considering the relative likelihood of the two possible causes of the greater 
rectus than gut response in the thiamine-deficient heart extracts we see that 
the presence of rectus sensitizing adenosine derivatives has an observational 
proof; on the other hand the appearance of a mixture of choline esters is based 
on auxiliary hypotheses. For these reasons we must regard the former cause 
as the likelier. We think, therefore, the closest approximations to the real 
ACh values are obtained if the averages of the rectus and gut results are taken 
(Table IV). 

The results of the differential assays are congruous with the conclusion that 
the increase in choline ester activity of the TCA extracts is due to an increase 
in their ACh content. The (statistically insignificant) greate, rectus than 
gut response in some thiamine-deficient extracts is probably due t. the presence 
of rectus sensitizing adenosine derivatives. It must, however, be noted that 
this latter result is compatible with the appearance of a mixture of choline 
esters (ACh, PrCh, and PyCh) and that there is no direct evidence which 
definitely excludes this possibility. 


B. Assays of the Eluates of Filter Paper Chromatograms of the TCA "xtracts 
of the Rat Hearts 

Fig. 1 shows the results of the assays of the strips of filter paper chronato- 
grams in three triplets, each strip having been assayed both on the frog heart 
as well as on the guinea pig gut. 

In constructing this figure the averages of the assay results of the 
different strips of the three animals of the same group (—T, p.f., and n.) 
were plotted against the Rr’s. One graph was drawn for the gut and another 
for the frog heart. These graphs showed that the chromatographic behavior 
of the three groups of heart extracts is the same and has the same great variance. 
Hence it was justified to calculate the averages of the assay results of the 
nine animals in each R, strip regardless of their groups. These averages are 
shown in Fig. 1. To present the scatter, the highest and lowest data—and 
not standard deviations of the averages—are plotted on the y axis. 
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Fic. 1. Effects of eluates of filter paper chromatograms of TCA extracts of rat hearts; 
each strip, of different Rr, was assayed on the surviving frog heart and on the guinea pig 
gut. 


It will be seen in Fig. 1 that the distribution of the gut stimulating substance 
is identical with that of the negative inotropic substance. The averages of 
the maximal activity fall to Rr 0.77. The field of these activities ranges from 
Rr 0.53 to Re 0.88. 

The frog heart responds to the eluates of the slowly moving strips with a 
positive inotropic effect. It is probable that we are dealing here with the 
same substance(s) which elicit(s) the positive inotropic action of the original 
heart extract in great dilutions. Filter paper chromatography using Augus- 
tinsson’s mixture, then affords a certain degree of separation of the negative 
and positive inotropic substances. 

Whittaker and co-workers (4) found that when the purified choline ester 
mixture of a splenic extract was run in a m—butanol—water solvent, ACh had 
an Rr below 0.14, propionyl choline 0.27, and an unidentified choline ester, 
called by these authors F component, 0.65. 

Augustinsson (1, 2) found in an acetic acid — n-butanol — ethanol — water 
solvent the following Rr’s: choline 0.30, ACh 0.37, propionyl choline 0.48, 
“F component”’ (from ox spleen) 0.80. 

Our crude TCA extracts, run in Augustinsson’s solution, gave Rr’s of 0.75, 
corresponding to the ‘‘F component” and not to ACh. 

In several series of different control experiments it was found that the low 
and sufficiently differing Rr values of choline and its esters are found only if the 
spot is made from a small volume of the distilled water solution of the pure 
compounds. But when the spots were made from 10% TCA or distilled water 
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solutions of the pure compounds of ACh-chloride and (or) PrCh-tosylate, 
and these solutions were passed through the same treatment as were the 
extracts, they gave the same high Rr values. 

It was concluded that in the course of the preparation the relatively large 
volume of water extracts some substance, either from the glass or from the 
filter paper, which carries ACh along faster than when it is spotted from a 
minute amount of solution in high concentrations. 

The recovery of the ACh equivalent of the heart extracts from the chromato- 
grams was 24% on an average of nine determinations, 10% having been the 
lowest and 53% the highest value. 

The filter paper chromatogram presented a characteristic and regular 
picture under the ultraviolet lamp. A deep purple ultraviolet absorbing 
luminescence showed up flowing out from the spot as far as 30 to 110 mm. 
This gives a white patch on the photographic paper. On the top of this 
luminescent bundle there is a large white phosphorescent area which covers 
the luminescent bundle as an umbrella. On the photograph this shows up as 
an area of white and dark dots. 

The positive inotropic effects coincide with the ultraviolet absorbing, the 
negative inotropic effects with the phosphorescent, light emitting regions. 
More precisely, where there is a positive inotropic effect there is ultraviolet 
absorption, but there are ultraviolet absorbing strips without a positive 
inotropic effect. Further, though the maximum of the negative inotropic 
effect generally coincides with the phosphorescent areas, there occur strips 
without any optical activity or with a purple luminescence showing a small 
negative inotropic effect. 

The positive inotropic effect of the eluates of strips was not mixed with a 
negative inotropic effect. The pattern of the positive inotropic action of 
strip eluates was the same as that of heart extracts in dilutions 10~ or 10~*. 


C. E.c.g. Observations 

In a previous paper we dealt with the e.c.g. changes in rats on a diet in which 
thiamine was the only missing factor (8). In this series of observations we 
found the earlier ones confirmed. To the observations already described we 
can add the e.c.g.’s of two thiamine-deficient rats in premortal coma (Fig. 2). 
One of them —T63 was recorded in all the three conventional leads, the other 
—T2 only in lead II. In the same figure we reproduce the e.c.g. of a normal 
rat the parameters of which correspond in every respect to the average normal 
values. It can be seen in this figure that the bradycardia and the increase in 
R voltage may take up extreme degrees. In —T63 no electrical activity could 
be ascribed to the auricles. The pictures of the ventricular complex suggest 
that only one ventricle was active. 

Two of the parameters of the e.c.g.’s of the pair-fed and thiamine-deficient 
rats, heart rate and R voltage, are shown in Fig. 3. A comparison of the two 
groups will show that in pair-fed rats both heart rate and R voltage move in 
the same direction that they do in the thiamine-deficient rats but the changes 
are not as great as in thiamine deficiency. 
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Fic. 3. Heart rate, body weight, and R voltage in the course of thiamine deficiency 
and pair feeding. 
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Fic. 4. Heart rate (y axis) on ACh concentration in —T, p.f., and normal hearts (x). 

Fic. 5. R voltage (y axis) on ACh concentration as above. 

In both figures the verticals erected on the axes meeting in a symbol point are erected 
at the value of 8. Forexample of —T heart rate = 300, of —T AChconcentration = 
1.42 ugm./gm. The regression lines were drawn to these average points. 
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As both e.c.g. changes and changes in choline ester content moved in the 
same direction in both the thiamine-deficient and pair-fed rats and as slowing 
of the heart is an effect of acetylcholine, we investigated the question of a 
correlation between acetylcholine content (averages of rectus and gut assays 
(Table IV) ) and heart rate, and acetylcholine content and R voltage. In 
Fig. 4 the heart rate and in Fig. 5 the R voltage are plotted against acetyl- 
choline concentration. 

When the 24 cases making up the three groups are treated as one population 
the correlation coefficient between heart rate and ACh is r = 0.495, 0.02> 
P > 0.01, D. F. = 22. That is, there is an inverse correlation between these 
two parameters. Between the R voltage and ACh equivalent concentration, 
the correlation coefficient is r = 0.373, 0.1> P >0.05. This correlation is 
barely significant. Previously we showed that in thiamine deficiency there is 
no significant inverse correlation between heart rate and R voltage (8). 

When these calculations were made on each group separately no correlation 
was found between any of these parameters. 


Discussion 
(A) Differential Assay 


The experiments revealed an increase in the choline ester activity of the 
TCA extracts of thiamine-deficient hearts, the same to a smaller degree in pair- 
fed rats. Good agreement was found between the assay results on the eserine 
sensitized frog rectus and on the guinea pig gut in the normal and pair-fed 
groups. In the thiamine-deficient group rectus assays gave on an average a 
slightly higher result than gut assays; this, however, was statistically barely 
significant. 

The assumptions that less ACh is formed in thiamine deficiency or that 
in this deficiency ACh is substituted by equimolar quantities of the less active 
PyCh are incompatible with the increase in the choline ester activity. 

The increase can be due: (1) to an increased formation of ACh or (2) 
to an even greater formation of PyCh (about 10 times greater in molar con- 
centration to outweigh the 1/10 activity of PyCh) or (3) to the appearance of 
a choline ester the activity of which is greater than that of ACh (the likeliest 
would be PrCh). 

As discussed in the experimental part there was only one circumstance 
observed which made it necessary to consider the possibility of the appearance 
of other choline esters besides ACh in the thiamine-deficient hearts. It was 
the statistically barely significant greater rectus than gut activity of only the 
thiamine-deficient extracts. It was concluded that this difference was more 
probably caused by the presence of some substances which sensitize rectus and 
perhaps desensitize gut to ACh than by the appearance of these other choline 
esters. Since, however, the experimental results of the differential assays do 
not definitely exclude this possibility an open mind must be reserved about it. 
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(B) The Filter Paper Chromatography 


The filter paper chromatography of the crude TCA extracts of the three 
groups of hearts showed identical behavior. They showed a choline esteric 
activity with a maximum of Rp 0.77 both when tested by the guinea pig gut 
and with the frog heart. In the slowly moving regions from the spot to 
Rr 0.12 a positive inotropic activity was found. Again from the spot 
(Rr = 0.0) to about Rr 0.77 a strong ultraviolet absorption was seen whereas 
in Rp 0.77 and 0.88 there was a phosphorescence. 

Rr 0.77 corresponds to Whittaker’s “fast component’, and it would corre- 
spond to pyruvyl choline, while ACh has an Rr of 0.4 (1, 2). We have, 
however, found that when ACh is added to heart extracts the choline esteric 
activity has only one maximum and that is at Rr 0.77. It was also found that 
ACh gives the same high Rr when the spot is made by the evaporation of a 
large volume (10 ml.) of distilled water solution of ACh. Also, normal and 
pair-fed extracts showed the same chromatographic behavior as did thiamine- 
deficient ones. Since in normal and thiamine-deficient hearts the choline 
ester is, in all probability, ACh, the simplest assumption is that this is the 
chief choline ester in the thiamine-deficient hearts as well. 


(C) The Role of ACh in the Production of the Cardiac Symptoms in Thiamine 
Deficiency 


This research was undertaken to test the assumption that in thiamine- 
deficient rat hearts the deficient decarboxylation of pyruvic acid and the 
increase in its concentration will lead either to a diminution in choline acetyla- 
tion or to a substitution of ACh by pyruvyl choline. Either of these two 
changes would have resulted in a diminution in the total choline ester activity 
of the extracts of thiamine-deficient hearts. Contrary to this an increase in 
the total choline ester activity was found. 

Whatever the physiological mechanism of this increase will be found to be, 
those speculations which attempted to explain the bradycardia with a reduc- 
tion in the choline esteric activity of the heart must be laid aside. 

The correlation between total ACh content and bradycardia, the brady- 
cardia caused by ACh injection, the liberation of ACh by vagal stimulation, 
make it very tempting to assume that the bradycardia of the —T and p.f. 
rats is produced by an increased vagal tonus. On the other hand an increase 
in the total choline ester activity does not necessarily mean an increase in 
choline ester liberation at the sites of cardiac inhibition. 

Further Weiss et al. (28) found that atropine and vagotomy had little effect 
on the heart rate in —T rats. In the —T rat, at any rate, there is no evidence 
in support of an increased frequency of vagal impulses to the heart. 

As there is not enough evidence to account for the increased total ACh 
content by an increased vagal tone, we must look for a clue in another direction. 
Martin and Lissdk’s (20) and Rothschuch’s (22) experiments appear to supply 
such a clue. 
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The former authors dialyzed for two hours the heart suspensions of two 
thiamine-deficient and two normal hearts against eserinized ringer, assayed 
the ACh in the dialyzates on the frog heart, and found in the dialyzate of the 
thiamine-deficient hearts a great increase in ACh. Rothschuch determined 
the ACh content of rat hearts mashed in eserine containing Ringer, and found 
considerably more ACh than we. 


There is ample evidence to show that mashed tissues (frog heart, Beznak 
(6); brain, Quastel (19) ), when incubated in the presence of eserine, synthesize 
ACh. This strongly suggests that Martin and Lissak found in the thiamine- 
deficient hearts more ACh because of an increased rate of synthesis. This 
would also account for Rothschuch’s higher normal values. 

Our experiments were similar to these authors’ in as much as we also used 
eserinized Locke’s solution, but differed from theirs in that we plunged the 
excised intact heart into this solution and allowed it to wash itself free of 
blood. The heart then was extracted with TCA. The thiamine-deficient 
heart, both intact and mashed, then appears to synthesize ACh—in the absence 
of vagal impulses—at a higher rate than normal hearts do. 

Our other observation that bradycardia and increased R voltage develop 
also in rats in inanition due to underfeeding with a complete diet corroborates 
earlier similar findings in pigeons (25), in rats (17, 21), and in pigs (29). Swank 
and Bessey (25) also showed that bradycardia did not develop when pigeons 
were force-fed with a —T diet and they lost no weight. If to this is added 
the fact that —T animals do not eat, we must conclude that bradycardia and 
increased R voltage are indirect consequences of thiamine deficiency and are 
due to an insufficient supply of aliment molecules or substrates for the impulse- 
producing enzymic processes. The newly discovered fact that in rats in 
inanition and in thiamine deficiency the total choline ester activity of the 
hearts increases and that there is a correlation between this and the severity of 
e.c.g. changes in the two conditions indicates that lack of aliment molecules 
brings about such changes in the organized coupled reactions of anabolism and 
catabolism which lead to an increase in the total choline ester activity and toa 
slowdown in the impulse production. 
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FATTY ACID INHIBITION OF CHOLESTEROL SYNTHESIS! 
By J. D. Woop Anp B. B. MiGcicovsky 


Abstract 


Fatty acids inhibit cholesterol synthesis by rat liver homogenates. Inhibition 
occurs with acids containing either an even or an odd number of carbon atoms 
in the chain, and with saturated and unsaturated acids, the inhibition increasing 
with the degree of unsaturation of the acid. In the case of acids with an even 
number of carbon atoms the inhibition increases with chain length toa maximum 
at 12 carbons after which a rapid decrease occurs. The presence of fatty acid 
during cholesterol synthesis increases the acetate incorporated into fatty acids to 
aslight extent. This increase is small compared with the decrease in the amount 
incorporated into cholesterol. A possible mechanism for the inhibition is 
discussed. 


Introduction 


A close relationship between the metabolism of cholesterol and the nutrient 
state of the animal has been demonstrated by a number of investigators. 
Tomkins and Chaikoff (13) showed that liver preparations from fasting rats 
had a decreased ability to incorporate acetate into cholesterol, which was 
restored by oral administration of glucose or fat. Migicovsky and Wood (12) 
demonstrated that liver preparations from starved rats inhibited cholesterol 
synthesis in normal liver homogenates. Lyon et al. (9) observed that starva- 
tion and prior administration of glucose had the same effect on lipogenesis as 
on cholesterogenesis. Whitney and Roberts (14) showed that a high fat diet 
prior to fasting stimulated cholesterol synthesis in vitro. Carroll and Noble 
(4) found that dietary erucic acid exerted an effect on adrenal cholesterol, and 
in experiments carried out by us it was observed that the addition of erucic 
acid inhibited cholesterol synthesis by liver homogenates. 

In view of the facts outlined above, investigations were carried out to deter- 
mine more fully the effect of fatty acids on cholesterol synthesis by rat liver 
homogenates prepared according to Bucher (3). This paper presents the 
results of these investigations and an explanation is offered as to the mech- 
anisms involved. 


Materials and Methods 


Fatty acids were added as their potassium salts in aqueous solution. 

Homogenates were prepared from the livers of 120-130 gm. rats by the 
method of Bucher (3) except that the liver was perfused with ice-cold 0-25 M 
sucrose prior to excision. 

Incubations were carried out in a Dubnoff water bath under oxygen at 
37° C. for a period of 2-5 hr. The incubation mixture, except where otherwise 
stated, consisted of 1-3 mgm. ATP, 3-8 mgm. DPN, 10-0 uwmoles C"-acetate, 
1-5 ml. liver homogenate, and pH 7-2 buffer prepared according to Bucher 
(3), to give a final volume of 3-0 ml. 

1Manuscript received April 12, 1956. 


Contribution No, 313, Chemistry Division, Science Service, Canada Department of 
Agriculture, Ottawa, Canada. 
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When the C'-acetate incorporation into cholesterol only was investigated 
the extraction technique employed was that reported by Migicovsky (10). 
In cases where the incorporation into cholesterol and fatty acids was measured 
simultaneously, the cholesterol was extracted and washed as described by 
Lyon and Geyer (8). Ten milliliters of potassium palmitate solution con- 
taining 10 mgm./ml. was used for the final wash, and this was also employed 
as carrier for the fatty acid estimations. The C'-acetate incorporation 
into cholesterol from both types of extractions was measured as reported 
previously by Migicovsky (10). 

The isolation of the fatty acids and the measurement of the C'-acetate 
incorporated into them was carried out as follows. The washings from the 
cholesterol were added to the extracted mixture and the volume reduced to 
30ml. The 10 carbon and longer chain fatty acids were isolated by the method 
of Lyon and Geyer (8) with one variation, namely 3-0 ml. CuSO, and 4-5 
ml. Ca(OH)s suspension were used for the precipitation because of the large 
volume employed. The petroleum ether extracts of the acids were taken down 
to dryness on a steam bath and the residue redissolved in 5 ml. petroleum 
ether. Aliquots of this were mounted directly as described by Entenman 
et al. (6) and counted in a gas flow counter. The acetate incorporated into 
1-0 mgm. of fatty acids was calculated from the activity of the material after 
correction for self-absorption. The total incorporation was obtained by 
multiplying this value by 87. This figure was used since the amount of fatty 
acids from endogenous material after saponification was small (~3 mgm.) 
compared with the 87 mgm. palmitic acid carrier added as the potassium salt. 


Results 


The addition of fatty acid to the cholesterol synthesizing system reduced 
the amount of acetate incorporated into the cholesterol. Fig. 1 illustrates 
this inhibition, which increased as the concentration of the fatty acid was 
raised. Further experiments (Fig. 2) showed that when the concentration of 
acetate was low, the addition of a small amount of fatty acid promoted in- 
corporation of acetate into cholesterol. This promotion could be reversed 
by increasing the concentration of either the acetate or the fatty acid. The 
inhibition of cholesterol synthesis due to fatty acid could be overcome by adding 
sufficient liver preparation, as shown in Table I. In fact, at high concentra- 
tions of liver homogenate the effect was reversed and the acetate incorporated 
into cholesterol was increased. This may be a phenomenon similar to that 
illustrated in Fig. 2 because again a state is reached where the fatty acid and 
acetate concentrations are small relative to the homogenate concentration. 


The effect of chain length of acids containing an even number of carbon 
atoms is shown in Fig. 3. The data indicate that the per cent inhibition 
increased with chain length reaching a maximum at 12 carbons, after which it 
decreased sharply. Acids with an odd number of carbon atoms also inhibited 
the synthesis, and to a greater extent than equimolecular amounts of even 
numbered acids. This is shown in Fig. 4. 
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The inhibitory effect of fatty acids containing double bonds is shown in 
Table II. It appears that double bonds in the carbon chain increase the 
inhibitory powers of the acid. Two double bonds had a greater effect than 
one. Oleic and vaccenic acids, which differ only in having the double bond 
cis 9 and trans 11 respectively, had approximately the same effect on the 
cholesterol synthesis. This indicates that the inhibition was probably not 


TABLE I 


INHIBITION BY 0-5 uM. POTASSIUM CAPRYLATE AT DIFFERENT HOMOGENATE CONCENTRATIONS 
1-0 uM. C-acetaTE. VOLUME OF INCUBATION MIXTURE 5-4 ML. 








KM. acetate incorporated into 
cholesterol X 10° 


























Volume of 
homogenate, 0-0 uM. 0-5 uM. Difference in 
ml. K caprylate K caprylate incorporation 
1-0 0-07 0-01 —0-06 
2-0 7-74 6-56 —1-18 
3-0 11-54 10-55 —0-99 
4-0 13-97 13-57 —0-40 
5-0 14-43 14-66 +0-23 
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Fic. 3. Effect of chain length on fatty acid inhibition (0-5 umole fatty acid). 
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dependent on the position of the bond in the carbon chain or on whether the 
bond was cis or trans. Erucic acid, which has a 22 carbon chain with one 
double bond, was observed to give an extremely high inhibition. 

The effect of CoA on the inhibition of cholesterol synthesis by the fatty 
acids was studied, and the results are shown in Table III. The addition of 
CoA increased this inhibition even at concentrations which in the absence of 
the fatty acid stimulated acetate incorporation into cholestero!. In con- 
firmation of results obtained by Migicovsky and Greenberg (11) it was found 





80+ odd number of carbon atoms 





% INHIBITION 


30+ even number of carbon atoms 











CARBON CHAIN LENGTH 


Fic. 4. Comparison of inhibitions by acids containing odd and even number of carbon 
atoms in the chain (0-5 umole fatty acid). 


TABLE II 


INHIBITION BY 0-5 uM. OF UNSATURATED FATTY ACIDS 











Fatty acid % inhibition 
Stearic 19-6 
Oleic 37-5 
Linoleic 75-4 
Vaccenic 32-3 
Erucic 77-5 
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that when it was present in sufficient quantity, CoA itself inhibited the syn- 
thesis; the observed inhibition by CoA plus fatty acid, however, was greater 
than the sum of the inhibitions by either alone. 

The type of the erucic acid inhibition was tested by plotting J/V against 
I/S for various fatty acid concentrations according to Lineweaver and Burk 


TABLE III 


EFFECT OF CoA ON FATTY-ACID INHIBITION OF CHOLESTEROL SYNTHESIS 

















CoA, pgm. 

0-0 50 100 200 

Lauric _ 
acid, uM. % inhibition 

0-0 — 1-7 F° 17-8 56-8 
0-25 10-0 23-9 49-3 91-3 
0-50 26-7 35-8 72-4 97-8 
0-75 34-1 71-2 87-8 





* Promotion instead of inhibition. | 
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Fic. 5. Non-competitive inhibition by erucic acid. Incubation one hour. 
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TABLE IV 


EFFECT OF CAPRYLIC ACID ON THE DISTRIBUTION OF C'-ACETATE 

















Experiment uM. C"-acetate 
number Addition cholesterol X 10° incorporated fatty acid 
203 —_ 178-0 11-7 
1-0 uM. caprylic 57-9 14-5 
204 — 62-6 7-2 
1-0 uM. caprylic 41-5 8-0 
206A -- 8-4 4-5 
1-0 uM. caprylic 5-0 4-6 
206B -- 3-4 3-7 
1-0 uM. caprylic 1-2 4-1 
(7), where V = rate of reaction, i.e. umole acetate incorporated during one 


hour incubation period, and S = concentration of acetate. The results are 
shown in Fig. 5. It was observed that the lines in the graph did not meet on 
the ordinate axis, thus demonstrating that the erucic acid inhibition was not a 
simple competition with respect to acetate. 

The simultaneous incorporation of acetate into fatty acids and into choles- 
terol with the liver homogenate system was investigated and the results are 
shown in Table IV. They indicate that the addition of fatty acid slightly 
increased the amount of acetate incorporated into fatty acids. This increase 
was small compared with the decrease in the incorporation into cholesterol. 


Discussion 


Although no definite assertion can be made as to the mechanism of the fatty 
acid inhibition of cholesterol synthesis, the results presented here lead us to 
speculate that the inhibition occurs at the acetyl CoA stage in the synthesis. 

The fatty acid inhibition is not due to a dilution of the C'-acetate because 
increasing the concentration of the latter increases the inhibition. 

It has been shown that the inhibition by erucic acid is not a simple competi- 
tion of that compound with respect to acetate. This parallels the work of 
Avigan ef al. (1) who demonstrated that the inhibition by fatty acids of 
acetoacetate formation from acetate was not due to the acetate and fatty acid 
competing for CoA. Acetoacetate is a precursor of cholesterol according to 
Brady and Gurin (2) and Curran (5), and it is suspected of being an inter- 
mediate in the synthesis of cholesterol from acetate. The possibility therefore 
arises that the inhibition of cholesterol synthesis by the fatty acid occurs 
before the acetoacetate stage. ; 

It was thought that the inhibition might occur because acetyl CoA is diverted 
from cholesterol synthesis by combining with the added fatty acid to form a 
longer chain acid. The experiments detailed in this paper show that this is 
not the sole means of inhibition. Although a slight increase in acetate 
incorporated into the fatty acid fraction is observed, it accounts for only a 
small percentage of the decrease in the acetate incorporated into the cholesterol. 
The absence of any decrease in lipogenesis when fatty acid is present in the 
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incubation mixture indicates a difference from the type of inhibition observed 
with liver preparations from starved rats. The latter preparations have 
decreased lipogenesis and cholesterogenesis, as was shown by Lyon et al. (9) 
and Tomkins and Chaikoff (13). 

CoA is observed to increase the fatty acid inhibition at high acetate con- 
centrations, and it has been shown in confirmation of the results of Migicovsky 
and Greenberg (11) that CoA, if present in sufficient quantity, can inhibit 
cholesterol synthesis. The possibility therefore arises that CoA and fatty 
acyl CoA inhibit the reactions of acetyl CoA. This is supported by the work 
of Avigan ef al. (1) who showed that butyric acid produces an inhibition of 
acetoacetate synthesis only in preparations which contain enzyme systems 
able to synthesize butyryl CoA. 

We feel that fatty acids inhibit cholesterol synthesis by interfering with the 
formation of acetoacetate. This should result in a decreased de novo synthesis 
of both cholesterol and fatty acids from acetate; yet our results do not demon- 
strate any inhibition of fatty acid synthesis. This apparent lack of inhibition 
may be explained by the assumption that elongation of the added acids still 
occurs and the decrease in de novo synthesis of fatty acid is offset by the 
addition of acetate to the fatty acids added to the medium. 

No clear explanation can be given for the promotion effect observed when 
the acetate and fatty acid concentrations are low relative to that of the liver 
preparation. One possibility is the mass action effect involving the reaction 
2 acetyl CoA = acetoacetyl CoA + CoA. Addition of the fatty acid may 
remove any free endogenous CoA, thereby allowing the reaction to proceed to 
the right. The fatty acyl CoA formed will not inhibit the reactions involving 
acetyl CoA, according to the previously mentioned theory of inhibition, if 


sufficient enzyme is present, i.e. if the concentration of liver preparation is 
large. 
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ETUDE QUANTITATIVE DE L’ACTIVITE CHOLINESTERASIQUE 
DE LA PLAQUE MOTRICE PAR VOIE D’HISTOPHOTOMETRIE! 


Par Marc CrEVIER ET LEONARD-F. BELANGER 


Abstract 


The cholinesterase activity of the motor end plate has been determined in 
situ by histophotometry. It has been possible to establish statistically the 
probable value of the enzymic activity of a single motor end plate morphologically 
identified. Studying the rate of the enzymic reaction in function of time, 
temperature, and concentration of substrate, it became evident that the pro- 
gressive deposition of the precipitate as the reaction proceeds is represented by 
a proportional and local increase in its conc entration and not by its spreading 
over the fiber. Inhibition experiments with eserine and acetylcholine in excess 
have proved that with the substrates used, B-naphthylacetate and f-carbo- 
naphthoxycholine, it is possible to identify independently acetylcholinesterase 
and cholinesterase activity at the level of the motor end plate, the former being 
in proportion of 90%. The acetylcholinesterase inactivation has been observed 
after intramuscular injections of eserine, indicating that pharmacological 
problems can be studied at the microscopic level by histophotometry. 


Introduction 


Les études histochimiques quantitatives im situ reposent presque exclusive- 
ment sur l’emploi des méthodes spectrophotométriques ou photométriques. 
Différents appareils ont déja été décrits, permettant d’opérer dans I'ultra- 
violet (3), dans la région des rayons X longs (10) ou dans le spectre visible 
(7, 8, 17, 23). 

Lison (18), ainsi que Glick et ses collaborateurs (12) ont abordé l'étude 
critique des résultats obtenus 4 Il’aide de ces différentes méthodes. On peut 
en conclure que trois principales causes d’erreur systématique peuvent fausser 
les déterminations histophotométriques, 4 savoir, la nature convergente du 
faisceau lumineux, |l’identité plus ou moins poussée entre l'image et l'objet, 
et enfin, l’hétérogénéité optique de l’objet lui-méme. Par définition, il est 
impossible d’éviter la premiére de ces causes d’erreur, mais les deux derniéres 
peuvent devenir négligeables 4 la condition de ne pas travailler 4 un trop fort 
grossissement du microscope, de ne pas mesurer |’absorption de la lumiére a 
la périphérie de l'objet a |’étude et de choisir une réaction histochimique dont 
le produit final se dépose de fagon homogéne au sein de la structure tissulaire. 

Au cours du présent travail, il s’est agi d’établir, par voie d'histophoto- 
métrie, la valeur probable de l’activité enzymatique d’une plaque motrice 
morphologiquement identifiée au sein du tissu musculaire. Par ailleurs, 
c'était 14 un excellent champ d’investigation pour apprécier la valeur des 
déterminations histophotométriques puisqu’ il était possible de varier certaines 
conditions expérimentales influengant la vitesse de la réaction enzymatique et 
dle comparer les résultats obtenus avec les données classiques de l’enzymologie. 

'Manuscrit recu le 4 avril 1956. 


Contribution du Laboratoire d'Histologie et Embryologie, Faculté de Médecine, Université 


d'Ottawa, Ottawa, Ontario. Ce travail a été accompli grace a une subvention du Ministére National 
de la Santé. 
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De plus, la nature des cholinestérases localisées au niveau de la plaque motrice t 
est encore assez mal définie et, encore plus, la teneur relative en cholinestérase 
et acétvicholinestérase (5). A l’aide d’une méthode d’analvse histophoto- 
métrique im situ il devenait possible d’éclaircir ce probléme. 


A. o Oo @®W 


Méthodes 


Plusieurs méthodes histochimiques ont été proposées pour la mise en évidence 

de l’activité choiinestérasique (6, 13, 15, 16, 21, 22). Comme il s’agissait ici 
d’une étude quantitative, il nous fallait considérer a la fois: le pH optimum de 
la réaction, sa spécificité, ainsi que la nature chimique du produit final déposé 
au sein du tissu et la finesse de sa localisation. _Malheureusement, ces desiderata 
ne vont pas sans s’exclure les uns les autres, voire méme s’opposer. Le choix 
le plus approprié nous a donc semblé devoir étre la réaction au B-naphtylacétate 
(22) et A la B-carbonaphtoxycholine (21). La spécificité de ces deux réactions ) 
se trouve assez bien définie: la cholinestérase du type sérique hydrolyse 
préférentiellement la B-carbonaphtoxycholine (21) tandis que l’acétylcholi- 
nestérase hydrolyse le B-naphtylacétate et différents autres esters acétiques 
(2, 20, 21), propriété qu’elle partage avec l’estérase non spécifique. Dans 
les deux cas, le produit final de la réaction est le méme, le B-naphtol, ce qui 
devenait trés précieux pour comparer la vitesse d’hydrolyse des deux substrats. 
Le B-naphtol, couplé a l’a@-naphtylamine diazotée donne naissance 4 un 
pigment pourpre insoluble non opaque, se répartissant de fagon homogéne 
au sein des tissus. L’image histologique obtenue a l'aide de ces deux méthodes 
n’est pas trés précise. La structure réticulaire de la plaque, en effet, ne se 
détache pas sur la fibre musculaire. Cependant, dans le cas présent, il était 
suffisant d’obtenir une bonne localisation topographique. Enfin, le pH des 
deux réactions, 7.8 dans le cas de la réaction au B-naphtylacétate et 7.4 dans 
le cas de la réaction 4 la B-carbonaphtoxycholine, est assez voisin du pH 
optimum des cholinestérases (1, 9), condition importante 4 observer au cours 
d’une étude quantitative. 


i oc Gk tt Oe 


La langue du rat coupée transversalement constitue un excellent matériel 
pour l’étude des plaques motrices (4). Celle-la contient en effet un grand 
nombre de fibres musculaires orientées en toutes directions, présentant ainsi 
plusieurs dizaines de plaques motrices coupées en un plan favorable a |’observa- 
tion. L’importance de la position de la plaque motrice sur la fibre musculaire 
sera discutée plus loin. De plus, l’épithélium de la langue contient une estérase 
non spécifique accompagnant dans la méme coupe les cholinestérases de la 
plaque motrice. Cette heureuse distribution des deux enzymes nous servira a 
préciser la nature de I|’activité enzymatique au niveau de la plaque motrice. 

L’étude histochimique quantitative ne saurait s’accomplir sur du matériel 
fixé. Il est bien connu que méme les moins violents des fixateurs, par exemple 
le formol neutralisé 4 4 pour 100, dénaturent irréversiblement l’enzyme, 
inhibant ainsi en tout ou en partie son activité catalytique. Des piéces de 
langue de 3 4 4 mm. d’épaisseur ont donc été découpées, congelées immédiate- 
ment au gaz carbonique et des coupes de 15y ont été préparées en sections 
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transversales. Aprés la réaction histochimique, les préparations micro- 
scopiques ont été montées sur lames 4 |’aide du mélange glycérogel. L’emploi 
des montages permanents n’est guére possible car les solvants organiques 
dissolvent le pigment pourpre résultant de la combinaison du naphtol a un sel 
de diazonium. 

Les mesures de l’activité enzymatique au niveau de la plaque motrice ont 
été effectuées a l’aide d’un histophotométre trés simple 4 manier (Fig. 7). 
L’appareil, d’aprés Dempsey, Wislocki et Singer (8), consiste essentiellement 
en une source d’éclairage 4 voltage constant, un microscope, une chambre 
photographique et une cellule photo-électrique raccordée 4 un photométre 
trés sensible, de type magnétique (Densichron, Welch). Une source constante 
de six volts produit suffisamment de lumiére pour travailler a |’échelle la plus 
sensible du photométre. Le faisceau lumineux est dirigé 4 travers le micro- 
scope et l’image de l’objet projetée sur l’écran de verre dépoli d’une chambre 
photographique, lequel mesure 11.0 XK 8.4 cm. Avant de projeter l'image, 
le faisceau est amené exactement au centre géométrique de l’écran. Le 
systéme optique de l’appareil est au point pour effectuer les mesures. 

La cellule photo-électrique est alors appliquée au centre géométrique de 
l’écran et raccordée a l’électrophotométre. Cette cellule porte un iris d'un 
diamétre de 3 mm., ce qui est légérement inférieur au diamétre moyen de 
l'image 240 fois agrandie d’une plaque motrice, comme dans le cas présent. 
Il ne reste plus qu’a orienter l’image de l’objet microscopique a |’étude au 
centre de l’écran en manoeuvrant le chariot du microscope. Celle-ci est tout 
d’abord projetée a faible grossissement afin de repérer les plaques, puis 4 
un plus fort grossissement (X 240) (Fig. 8) afin d’effectuer les mesures. 

Au cours d’une détermination histophotométrique, le choix du blanc mérite 
une attention toute particuliére dont dépend pour beaucoup la justesse des 
résultats. Le blanc idéal, dans les présentes conditions, nous a semblé 
devoir étre constitué par un point quelconque de la fibre musculaire situé 
trés prés de la plaque motrice a l'étude. Ce blanc nous est apparu supérieur 
a celui que constituerait une préparation microscopique identique non coi ‘rée 
par la réaction estérasique. En effet, l’épaisseur des coupes préparées par la 
méthode de congélation peut varier légérement d'un point a un autre. Or 
comme |’épaisseur de l’objet peut influencer la quantité de lumiére absorbée, 
une erreur pourrait ainsi se glisser dans les résultats. Au contraire, les mesures 
a blanc portant en plusieurs points de la fibre musculaire entourant une plaque 
ne sont pas entachées de cette erreur. En fait, les valeurs données par ces 
mesures varient trés peu ou pas du tout. 


Au cours de la mise au point de cette méthode, il nous est apparu évident 
que mesurer I’activité enzymatique au niveau de toutes les plaques motrices 
d’une préparation microscopique aurait été un travail fastidieux, inutile et 
d’ailleurs impossible. L’examen de la figure 10 nous en fera voir la raison. 
Nous avons constaté en premier lieu qu’au niveau d'un groupe de plaques 
motrices réunies en grappe, la valeur de I’activité enzymatique était remar- 
quablement constante. Mais surtout, certaines plaques apparaissent de 
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profil, 4 la marge ou encore a la terminaison de la fibre musculaire. Dans ces 
conditions, il est 4 peu prés impossible d’appliquer exactement I'iris de la 
cellule photo-électrique sur la plaque motrice et le moindre écart de position 
entraine des variations considérables de la mesure de la transmission de la 
lumiére puisque le tissu conjonctif est de beaucoup plus transparent que la 
fibre musculaire. I] a donc été convenu de mesurer I|’activité enzymatique 
au niveau de 10 plaques, réparties en différentes régions de la préparation 
microscopique, tout en prenant grand soin de s’arréter 4 des plaques bien 
centrées sur leur fibre musculaire. 

Au cours du présent travail, la valeur de l’activité enzymatique sera exprimée 
en unités de densité optique multipliées par 100. 


Résultats 


1. Valeur probable de l’activité estérasique d'une plaque motrice mor phologique- 

ment isolée au sein du tissu musculaire 

A l'aide de la méthode histophotométrique ci-haut décrite, la valeur probable 
de l’activité enzymatique d’une plaque motrice isolée au sein de tissu musculaire 
a été recherchée. Dans le tableau I sont consignées les différentes valeurs 
moyennes obtenues: 1. 4 partir de 10 déterminations effectuées sur une seule 
préparation microscopique. 2. a partir de 50 déterminations effectuées sur 
cing préparations microscopiques différentes provenant d’un seul animal. 
3. a partir de 250 déterminations effectuées sur 25 préparations microscopiques 
provenant de cing animaux différents. 4. valeur moyenne de ces 310 déter- 
minations. Dans tous les cas, le temps d’incubation a été arrété a 15 min. a 
la température du;laboratoire. 

La valeur moyenne de I’activité enzymatique des plaques motrices varie 
trés peu d’une préparation microscopique 4 l'autre, et de plus, l’erreur standard 
de la moyenne est minime et d’un ordre de grandeur a peu prés constant. 


2. Etude de la vitesse de la réaction estérasique au niveau de la plaque motrice en 
fonction du temps, de la température et de la concentration du substrat 
La vitesse de la réaction estérasique au niveau de la plaque motrice a été 
étudiée en fonction du temps, de la température et de la concentration du sub- 





TABLEAU I 


VALEUR PROBABLE DE L’ACTIVITE ESTERASIQUE DE LA PLAQUE MOTRICE DETERMINEE 
PAR HISTOPHOTOMETRIE 








Valeur moyenne 





Provenance de la Nombre de (densité Erreur standard 
valeur moyenne déterminations optique X 100) de la moyenne 
Une seule préparation microscopique 10 21.3 + 0.74 
Cinq préparations microscopiques 50 20.6 + O.32 
Vingt-cing préparations microscopiques 250 22.8 + 0.69 
provenant de cing rats différents 
Valeur moyenne probable 310 22.1 + 0.68 











CREVIER ET BELANGER: L’ACTIVITE CHOLINESTERASIQUE 873 
































- 
al 
25 
20 
vs 
36 
ce 154 3 
2 vv 
cd 
“Vc 
aman 
of 7 
vv 
+ 
ze 
aa? 
—s 
eu 
3 10 1's 20 25 
temps dela réaction en minutes 
30 : . 
V——_ 
o 207 
° 
eS = ° 
3X 
a" 
% 3 
eg » 
5 
ax’ 
7° 
“yw 104 
Pa x 
> 
=5 
2 cs 
ae 
10° 20° 30° 
température 


Fic. 1. Vitesse d’hydrolyse du 8-naphtylacétate en fonction du temps, mesurée par 
histophotométrie. 


Fic. 2. Vitesse d’hydrolyse du B-naphtylacétate en fonction de la température, 
mesurée par histophotométrie. 





874 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


strat. C’était la un excellent champ d’investigation pour apprécier la valeur 
des déterminations histophotométriques puisqu’il devenait possible de com- 
parer les résultats ainsi obtenus avec les données classiques de |’enzymologie. 
Chacun des points sur les courbes qui vont suivre représente la valeur moyenne 
obtenue a partir de 15 préparations microscopiques provenant respectivement 
de cing animaux différents. 

La vitesse de la réaction a donc été étudiée en fonction du temps a des 
intervalles de 5, 10, 15, 20 et 25 min. en présence de B-naphtylacétate en qualité 
de substrat. On peut constater (Fig. 1) que le taux de la réaction demeure 
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Fic. 3. Vitesse d’hydrolyse du 8-naphtylacétate en fonction de sa concentration, 
mesurée par histophotométrie. 


Fic. 4. Inhibition de I'hydrolyse du 8-naphtylacétate et de la 8-carbonaphtoxycholine, 
mesurée par histophotométrie au niveau de la plaque motrice en présence de concentrations 


croissantes d’acétylcholine. O—O—O, cas du 6-naphtylacétate; A—A—A, cas de la 
{-carbonaphtoxycholine. 
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constant dans sa phase initiale, jusqu’A 15 min., puis, qu'il tend a diminuer 
trés légérement par la suite. Au cours des expériences subséquentes, a 
moins d’indication contraire, le temps de la réaction a donc été arrété a 15 
min., 4 la température du laboratoire. 

L’effet de la température sur la vitesse de la réaction a également été étudié, 
l’activité enzymatique étant déterminée a 2, 8, 14, 20 et 33 degrés. Comme 
une forte activité enzymatique était a prévoir 4 33°, le temps de la réaction au 
cours de cette expérience a été arrété 4 10 min. afin de demeurer dans la partie 
linéaire de la courbe (Fig. 1). La vitesse de la réaction en fonction de la 
température est représentée par une droite, entre 8 et 33 degrés (Fig. 2). 
A 2°, la réaction devenait totalement inhibée tant au niveau de la plaque 
motrice qu’au niveau de |’épithélium. 

Enfin, le taux de la réaction a été étudié en fonction de la concentration du 
substrat, le B-naphtylacétate, 4 des concentrations molaires de 0.6, 1.2, 2.5, 
3.75 et 5 X 10-* M. A cette derniére concentration se trouve atteinte la 
limite de solubilité du B-naphtylacétate a ce pH et a la température du labora- 
toire. A la plus faible concentration, c’est-a-dire 0.6 X 10-* M, une réaction 
trés peu intense a pu étre décelée au niveau de la plaque, mais insuffisante 
pour étre appréciée quantitativement a l’aide de l’histophotométre. Aux 
autres concentrations étudiées (Fig. 3) le taux d’activité augmente tout 
d’abord assez rapidement avec un accroissement de la concentration du sub- 
strat, puis plus lentement jusqu’a la concentration de 5 K 10-* M. 


3. Etude de l’inhibition de l’activité estérasique par I ésérine in vitro au niveau de 
la plaque motrice, de l’épithélium et de la fibre musculaire 
Le 6-naphtylacétate ne constitue en rien un substrat spécifique des choli- 
nestérases. L’estérase non spécifique du foie et du sérum l|’hydrolyse tout 
aussi bien, et ce, A un taux plus élevé. Sur une coupe transversale de la langue, 
une forte réaction a pu étre localisée au niveau de |’épithélium et une réaction 
diffuse a été notée a la surface de la fibre musculaire (Fig: 8 et 10). 


Il convenait donc de délimiter clairement la part respective des cholines- 
térases et de l’estérase non spécifique lors de I’'hydrolyse du B-naphtylacétate 
au niveau de la plaque motrice, au niveau de |’épithélium et au niveau de la 
fibre musculaire. La sensibilité a l’ésérine de chacune de ces régions d’ activité 
a donc été étudiée, afin de délimiter le rdle respectif de l’estérase non spécifique 
et des cholinestérases (14). Le méme test a été répété en présence de B- 
carbonaphtoxycholine bien que dans ce dernier cas le seul centre actif soit la 
plaque motrice (Fig. 9). 

Des coupes transversales de la langue ont été incubées en présence de sulfate 
d’ésérine a des concentrations de 10-7, 10-*, 10-* et 10-* M, durant 30 min. a 
la température du laboratoire, puis réincubées en présence de B-naphtylacétate 
et de B-carbonaphtoxycholine durant respectivement 15 min. a la température 
du laboratoire et 30 min. a 33°. Quinze préparations provenant de trois 
animaux ont été mises a l’étude pour chacune des concentrations de |’inhibiteur. 























S76 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 
9s S e 
S) 
so 
= 20 
Ye) 2 
ax 
= 
‘y 
a 2 5 4 
yg 
cz 
cay 
a, ° . 
2 t 
‘2 2 
= 5 
3 
60 120 180 


temps de la réaclion en minutes 





rasique 


cholinesteér 
[Densité optique x 100) 


Activité 











0.0 0.5 1.0 
mg. d'ésérine par kg. de poids 


Fic. 5. Vitesse d’hydrolyse du 8-naphtylacétate et de la B-carbonaphtoxycholine en 
fonction du temps, mesurée par histophotométrie au niveau de la plaque motrice. 

Fic. 6. Vitesse d’hydrolyse du 8-naphtylacétate, mesurée par histophotomeétric au 
niveau de la plaque motrice a la suite d’injections intramusculaires d’ésérine. 


A l’examen de la figure 11, on peut constater que l’activité enzymatique de 
l'épithélium n'est pas inhibée de fagon appréciable en présence d’ésérine a 
la concentration de 10-7 WM tandis qu’au niveau des plaques motrices, elle est 
fortement inhibée. 

A un plus fort grossissement on peut noter que l’activité enzymatique diffuse 
a la surface de la fibre musculaire demeure trés intense. Celle-ci, de méme 
que l'activité localisée au niveau de |'épithélium ne diminueront de fagon 
appréciable qu’en présence d’une concentration d’ésérine de 10~* M. 

L’activité estérasique des plaques motrices a été déterminée quantitative- 
ment par histophotométrie. Les résultats obtenus sont consignés dans le 
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TABLEAU II 


EFFET DE L’ESERINE SUR L’ACTIVITE ESTERASIQUE DE LA PLAQUE MOTRICE 
DETERMINEE PAR HISTOPHOTOMETRIE 








Activité enzymatique (densité optique < 100) 








Substrats Témoins Esérine 10-7 M Esérine 10-* M 
B-Naphtylacétate 22.8 8.1 0 
B-Carbonaphtoxycholine 43.2 Trés faible réaction 0 





tableau II. L’ésérine a la concentration de 10-7 M ne permet une activité 
résiduelle que de 35%, dans le cas de B-naphtylacétate, tandis que dans le 
cas de la B-carbonaphtoxycholine, la réaction était trop faible, bien que visible, 
pour étre appréciée a l’histophotométre. A une concentration d’ésérine de 
10-* M, les deux réactions étaient totalement inhibées. 


4. Etude de l’inhibition de I'hydrolyse du B-naphtylacétate et de la B-carbo- 
naphtoxycholine par l'acétylcholine in vitro au niveau de la plaque motrice 
Le test de sensibilité a l’ésérine indique que le B-naphtylacétate est hydrolysé 

par une cholinestérase au niveau de la plaque motrice, tout comme 

la B-carbonaphtoxycholine. Cependant rien n’indique si |’hydrolyse du 

B-naphtylacétate résulte de l’action de la cholinestérase du type sérique ou de 

l’acétylcholinestérase. L’étude de l’inhibition de I’hydrolyse de ces deux 

substrats par l’acétylcholine en excés nous a permis d’éclaircir cette question. 


En effet, si l’acétylcholinestérase peut hydrolyser le B-naphtylacétate et la 
cholinestérase, la 8-carbonaphtoxycholine, I’affinité de ces deux enzymes pour 
leur substrat respectif est moindre que pour I’acétylcholine (21). Par ailleurs, 
il a été démontré que l’affinité de l’acétylcholinestérase pour l’acétylcholine 
est plus grande aux faibles concentrations de celle-ci, affichant d’abord un 
taux optimum d’activité, pour voir ensuite cette activité décroitre rapidement 
avec une augmentation de la concentration du substrat (1). Au contraire, 
l’activité de la cholinestérase s’accroit réguliérement avec une augmentation de 
la concentration d’acétylcholine suivant ainsi la loi de Michaelis-Menten (11). 

Puisque l'affinité de l’acétylcholinestérase pour l’acétylcholine est plus 
grande que celle de la cholinestérase aux faibles concentrations du substrat, 
il devenait intéressant d’étudier l’inhibition par concurrence de l’hydrolyse 
du B-naphtylacétate et de la B-carbonaphtoxycholine en présence de con- 
centrations croissantes d’acétylcholine. En effet, si l’acétylcholinestérase est 
responsable de I’hydrolyse du B-naphtylacétate, et la cholinestérase responsable 
de I’hydrolyse de la B-carbonaphtoxycholine, l’inhibition devrait se manifester 
plus rapidement dans le premier cas que dans le second cas en présence de 
concentrations croissantes d’acétylcholine. Quinze préparations micro- 
scopiques provenant de trois animaux ont été incubées en présence de chacune 
des concentrations d’acétylcholine indiquées auxquelles nous avons ajouté 
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soit le B-naphtylacétate, soit la B-carbonaphtoxycholine. Le temps d’incu- 
bation a été de 15 min. a la température du laboratoire et de 30 min. a 33°. 

On peut constater qu’en présence d’acétylcholine aux concentrations de 
10-4 et 10-* M, I’'hydrolyse du B-naphtylacétate est sensiblement plus inhibée 
que l’hydrolyse de la B-carbonaphtoxycholine (Fig. 4). 


5. Etude de la vitesse d’hydrolyse du B-naphtylacétate et de la B-carbonaphtoxy- 
choline par les cholinestérases de la plaque motrice 

De l’expérience précédente, on peut conclure que |’acétylcholinestérase est 
principalement responsable de I’hydrolyse du B-naphtylacétate, tandis qu’il 
était déja connu que la §-carbonaphtoxycholine constituait un substrat 
spécifique de la cholinestérase du type sérique (21). Il devenait donc inté- 
ressant d’étudier comparativement la vitesse d’hydrolyse des deux substrats 
au niveau de la plaque motrice. 

A la température du laboratoire, et en présence de B-carbonaphtoxycholine, 
activité enzymatique est trop faible pour étre mesurée aprés 15 ou 20 min. 
d'incubation. Cependant, en prolongeant le temps d’incubation, il devient 
possible de mesurer adéquatement le taux d’hydrolyse entre 60 et 180 min 
Vingt coupes provenant d’un méme animal ont donc été incubées respective - 
ment en présence de B-naphtylacétate et de B-carbonaphtoxycholine. 

La courbe d’hydrolyse de la B-carbonaphtoxycholine en fonction du temps 
est représentée par une droite passant par l’origine, donnant par intrapolation 
une densité optique de 2.2 a la quinziéme minute. Au méme temps, le 
B-naphtylacétate donne une densité optique de 22.0 (Fig. 5). 

De cette expérience, on peut conclure que la vitesse d’hydrolyse de la 
B-carbonaphtoxycholine est 10 fois moindre que celle du 6-naphtylacétate. 


6. Etude histophotométrique de l’inhibition de l’activité acétylcholinestérasique 
de la plaque motrice par l’ésérine in vivo 
On sait que l’ésérine exerce son action toxique en inhibant l’activité des 
cholinestérases. Afin d’établir le bien fondé des mesures histophotométriques 
au cours d’études pharmacologiques, nous avons déterminé l’activité acétyl- 
cholinestérasique résiduelle des plaques motrices de la langue a la suite 
d'injections intramusculaires d’ésérine. 





Fic. 7. Histophotométre. Description dans le texte. 

Fic. 8. Plaques motrices vues de face 4 la surface des fibres musculaires. Réaction 
intense au niveau de la plaque; réaction diffuse au niveau de la fibre musculaire. Sub- 
strat: B-naphtylacétate. X 207 

Fic. 9. Plaques motrices vues de face a la surface des fibres musculaires. Réaction 
moins intense au niveau de la plaque; réaction négative au niveau de la fibre musculaire. 
Substrat: B-carbonaphtoxycholine. x 207 

Fic. 10. Plaques motrices vues de face, en marge ou en terminaison des fibres mus- 
= Intense réaction au niveau de |’épithélium. Substrat: @-naphtylacétate. 
x 

Fic. 11. Inhibition de l’activité cholinestérasique de la plaque motrice par |’ésérine 
(10-7 M). Réaction tout aussi intense au niveau de |’épithélium. Substrat: B-naphtyl- 
acétate. X 32 











PLANCHE I 





Crevier et Bélanger—Can. J. Biochem. Physiol. Vol. 34 





Nie SP See YY SY ~ ~~ 0 a eee ee ee ST A Aen 









Wien... 


CREVIER ET BELANGER: L'ACTIVITE CHOLINESTERASIQUE 879 


Les rats furent divisés en quatre groupes de quatre individus, dont trois 
groupes recurent respectivement 0.5, 0.75 et 1.0 mg. de sulfate d’ésérine par 
kilogramme de poids, tandis que le dernier groupe servit de témoins. Tous 
les animaux furent sacrifiés trois heures aprés les injections. Les animaux 
traités du dernier groupe (1.0 mg./kg.) étaient sur le point de mourir a la 
fin de l’expérience, tandis que ceux du premier groupe développaient de trés 
légéres convulsions. Cinq préparations microscopiques ont été faites pour 
chacun des animaux en expérience et l’activité acétylcholinestérasique a été 
déterminée par histophotométrie, aprés incubation en présence de B-naphtyl- 
acétate durant 15 min. a la température du laboratoire. 

L’actitivé acétylcholinestérasique chez les différents groupes d’animaux est 
traduite par la courbe de la figure 6. On peut constater que |’activité 
enzymatique diminue trés rapidement avec une augmentation de la dose 
d’ésérine injectée. 


Discussion 


A l'aide de la méthode histophotometrique décrite ci-dessus il est possible 
d’établir la valeur probable de |’activité enzymatique au niveau d’une plaque 
motrice morphologiquement identifiée au sein du tissu musculaire. Cette 
valeur probable varie trés peu d’une préparation microscopique 4 une autre ou 
d’un rat A un autre, méme si seulement 10 mesures effectuées au hasard sur 
l'ensemble des plaques réparties sur une préparation donnée ont servi 4 établir 
cette valeur probable. L’analyse statistique des résultats obtenus semble 
justifier pleinement cet échantillonnage. En effet, la valeur moyenne et 
l’erreur standard de cette moyenne sont d’un ordre de grandeur rigoureusement 
constant. De plus, entre la valeur moyenne de chacune des préparations 
microscopiques prises deux a deux, jamais la moindre différence significative 
n’a pu étre décelée a l’analyse statistique. La méme remarque s’applique a 
deux moyennes provenant respectivement de cing préparations microscopiques 
effectuées 4 partir de deux animaux différents ou entre chacun des groupes 
rapportés dans le tableau I. 

De plus, en variant les conditions expérimentales dans lesquelles la réaction 
s'effectue, le bien fondé des déterminations histophotométriques a été corroboré 
par l'étude de la vitesse d’hydrolyse du B-naphtylacétate. Les courbes 
d’activité en fonction du temps, de la température et de la concentration du 
substrat (Figs. 1, 2, 3) se comparent a celles que |’on peut obtenir en présence 
d’enzymes en solution. On doit admettre que la déposition progressive du 
produit final de la réaction se traduit par une augmentation proportionnelle 
de sa concentration en une surface donnée et non par un étalement du produit 
de la réaction sur une plus grande surface ot la concentration demeurerait a 
peu prés constante. 

Les causes d’erreurs inhérantes 4 la méthode histophotométrique, faisceau 
de lumiére convergent, hétérogénéité optique de |l’objet 4 mesurer, identité plus 
ou moins poussée de l'objet et de l'image ne sont donc pas de nature a ruiner 
la valeur des déterminations quantitatives. En dépit de ces limites, il est 
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possible d’établir avec précision la valeur probable de l’activité enzymatique P 
d’une plaque motrice morphologiquement identifiée au sein du tissu musculaire. la 

Par ailleurs, il nous est apparu de la plus haute importance de définir la cl 
nature de l’enzyme qui, localisé au niveau de la plaque motrice, est vraisem- B 
blablement responsable de I’hydrolyse du B-naphtylacétate. En effet, l’estérase a 
non spécifique, tout aussi bien que la cholinestérase peut hydrolyser ce substrat. C 
L’heureuse distribution des enzymes sur une coupe transversale de la langue d 
nous a permis d’éclaircir ce probléme. Sur une méme préparation micro- n 
scopique, trois sites manifestent une activité enzymatique en présence de ri 
B-naphtylacétate, la plaque elle-méme, la fibre musculaire et |’épithélium 6 
(Fig. 8 et 10). 

Il est bien connu par ailleurs que |’ésérine a une faible concentration (10-7 M) a 
inhibe déja partiellement l’activité des cholinestérases, tandis que la méme t 
substance doit atteindre une concentration de 10~* M pour inhiber l’estérase n 
non spécifique (14). A l’examen de la figure 11, on peut constater que |’ésérine l 
a la concentration de 10-7 M, inhibe a peu prés totalement l’activité en- e 
zymatique au niveau de la plaque motrice, tandis que celle de |’épithélium e 
n’est pas sensiblement diminuée. L’activité de l’épithélium et de la fibre t 
musculaire ne disparaitront qu’en présence d’ésérine 4 la concentration de c 
10-* M, et encore, pas complétement. i 

Dans le tableau II sont groupés les résultats des déterminations histophoto- r 


métriques. On peut voir qu’a la suite d’une incubation en présence d’ésérine 
4 la concentration de 10-7 M, l’activité résiduelle dans le cas du B-naphty!l- 
acétate est tombée a 35 pour 100 de sa valeur initiale. L’activité résiduelle, 
dans le cas de la B-carbonaphtoxycholine, est encore plus faible, ne pouvant 
étre appréciée a l’'histophotométre. En présence d’ésérine 4 la concentration 
de 10-* M, toute activité est abolie dans les deux cas. II ne fait donc aucun 
doute qu’une cholinestérase est responsable de I’hydrolyse du B-naphtylacétate 
et de la B-carbonaphtoxycholine au niveau de la plaque motrice. 

Il a déja été prouvé qu'une cholinestérase du type sérique était responsable 
de I’hydrolyse de la B-carbonaphtoxycholine (21). Par ailleurs, il devenait 
encore plus intéressant de déterminer la nature de la cholinestérase qui 
hydrolyse le B-naphtylacétate au niveau de la plaque motrice, 4 savoir, 
cholinestérase du type sérique ou acétylcholinestérase. L’étude comparée 
de l’inhibition par concurrence de |’hydrolyse des deux substrats en présence 
d’acétylcholine en excés nous a permis d’éclaircir ce point. Ainsi que nous 
l’indiquions plus haut, il a été démontré que I’affinité de l’acétylcholinestérase 
pour l’acétylcholine est plus grande aux faibles concentrations de celle-ci, 
affichant en premier lieu un maximum di’activité, pour voir ensuite cette 
activité décroitre rapidement avec une augmentation de la concentration du 
substrat (1). Au contraire, l’activité de la cholinestérase s’accroit réguliére- 
ment avec une augmentation de la concentration d’acétylcholine jusqu’a un 
maximum, suivant ainsi la loi de Michaelis-Menten (11). 

A l’examen des courbes de la figure 4, on peut constater qu’en présence de 
concentrations croissantes d’acétylcholine, I'hydrolyse du B-naphtylacétate 
est plus rapidement inhibée que l’hydrolyse de la B-carbonaphtoxycholine. 
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Par ailleurs, l’inhibition due a l’acétylcholine ne se manifeste qu’au niveau de 
la plaque motrice et nullement au niveau de l’épithélium ou de la fibre mus- 
culaire, sites d’une estérase non spécifique. L’enzyme qui hydrolyse le 
B-naphtylacétate manifeste donc une plus grande affinité pour l’acétylcholine 
a faibles concentrations puisqu’il s’agit ici d’une inhibition par concurrence. 
C’est la une propriété de l’acétylcholinestérase, en opposition a la cholinestérase 
du type sérique. I] est logique d’admettre la présence des deux types choli- 
nestérasiques au niveau de la plaque motrice, mais en accordant un 
réle prépondérant, sinon exclusif a l’acétylcholinestérase lors de I'hydrolyse du 
B-naphtylacétate. 

L’importance physiologique de la cholinestérase du type sérique est encore 
assez mal établie (5, 19). II était toutefois intéressant de voir qu'elle était la 
teneur relative en acétylcholinestérase et cholinestérase au niveau de la plaque 
motrice. Se basant sur la vitesse de déposition du B-naphtol a la suite de 
l'hydrolyse du B-naphtylacétate et de la B-carbonaphtoxycholine (Fig. 5), 
et sous la réserve que l’affinité des deux enzymes pour leur substrat respectif 
est A peu prés la méme, on peut conclure que I’activité de la cholinestérase du 
type sérique serait 10 fois moindre que celle de l’acétylcholinestérase. Dans 
ces conditions, il est difficile d’attribuer un réle physiologique de quelque 
importance a la cholinestérase du type sérique dans la transmission neuro- 
musculaire. 

Enfin, l'étude de l’inhibition de l’activité acétylcholinestérasique au niveau 
de la plaque motrice a la suite d’une injection intramusculaire d’ésérine a 
démontré qu’il était possible de suivre l’évolution d’un phénoméne pharma- 
cologique 4 ce niveau par voie d’histophotométrie (Fig. 6). En effet, le 
degré d’inhibition de l’activité acétylcholinestérasique de la plaque allait de 
pair avec la symptomatologie bien connue d’une hyperactivité des récepteurs 
cholinergiques. 

Bibliographie 
. AtLes, G. A. et Hawes, R.C. J. Biol. Chem. 133 : 375. 1940. 
. BARNETT, R. J. et SettGMANn, A. M. Science, 114 : 576. 1951. 
. Caspersson, T. J. Roy. Microscop. Soc. 60:8. 1940. 
. Cuessick, R. D. J. Histochem. Cytochem. 2 : 258. 1954. 
. CouTeAux, R. et Taxi, J. Arch. Anat. microscop. Morph. Exptl. 41 : 352. 1952. 
. Crevier, M. et BELANGER, L. F. Science, 122 : 556. 1955. 
Dempsey, E. W., BuntING, H., SINGER, M. et WisLockr, J. B. Anat. Record, 98 : 417. 
1947. 
8. Dempsey, E. W., WisLock1, J. B. et Sincer, M. Anat. Record, 96: 221. 1946, 
9. Easson, L. H. et STEDMAN, E. Proc. Roy. Soc. (London), B, 121 : 142. 1936. 
10. ENGstrom, A. Physiol. Revs. 33 : 190. 1953. 
11. Giick, D. Biochem. J. 31 : 521. 1937. 
12. Grick, D., ENGstrom, A. et Mo_tmstrum, Bo G. Science, 114 : 253. 1951. 
13. Gomori, G. Proc. Soc. Exptl. Biol. Med. 68 : 354. 1948. 
14. GunTER, J. M. Nature, 157 : 369. 1946. 
15. Hott, S. J. et WitHers, R.S. J. Nature, 170: 1012. 1948. 
16. KoeLLe, G. B. et FRIEDENWALD, J. S. Proc. Soc. Exptl. Biol. Med. 70 : 617. 1949. 
17. Lison, L. Acta Anat. 10 : 333. 1950. 
18. Lison, L. Histochimie et cytochimie animales. Gauthier-Villars, Paris. 1953. p. 141. 
19. Myers, D. K. Biochem. J. 55 : 67. 1953. 
20. Myers, D. K. et MENDEL, B. Proc. Soc. Exptl. Biol. Med. 71 : 357. 1949. 
21. Ravin, H. A., Tsou, K. C. et Seticman, A. M. J. Biol. Chem. 191 : 843. 1951. 
22. Ravin, H. A., Zacks, E. S. I. et SELiGMAN, A. M. J. Pharmacol. Exptl. Therap. 107 : 37. 


1953. 
23. THORELL, B. Acta Med. Scand. Suppl. 200. 1947. 


SAU Whe 








&83 
RESIDUAL AIR DETERMINATION! 
By Joun C. Kovacu, EArt BAKER, AND HAMID ETERAR 


Abstract 


A simple method is presented of revealing and calculating any ‘“‘switch-over”’ 
error in the determination of the residual lung volume. Our method is shown 
of avoiding the possibility of error in the alveolar nitrogen sample caused by 
the creation of a negative pressure in a patient with a low expiratory capacity. 
Through the use of tables a simplified method of accurately calculating residual 
volumes is presented. 


Introduction 


Kovach, Poulos, and Arabadjis (4) have worked out a set of tables for 
correcting the respired air volume to 37° C., at ambient pressure and saturated 
with water vapor. The purpose of the present communication is to present 
a method of eliminating the ‘“‘switch-over error’ in residual air determination 
by the open-circuit method (2), and to show how the air in this lung compart- 
ment may quickly be calculated with the aid of the tables. A possible source 
of error in obtaining the alveolar sample required in this procedure is pointed 
out, and a way of eliminating it is described. 


Method 


A Tissot spirometer is connected to collect the respired gases from a subject 
inhaling oxygen as is described in the Cournand open-circuit method (2). 
A three-way valve at the mouthpiece through another limb is used to divert 
the respiration to the mouthpiece valve of an ordinary recording spirometer. 
While the patient is being stabilized, he can be made to breathe room air by 
the closing off of both side arms of the mouthpiece valve and the utilization 
of the opening directly into the room (Fig. 1). 

The Tissot is flushed out with oxygen in the usual manner. 

The spirometer is flushed with room air, and the soda lime canister and 
flutter valves are removed. A gas sampling tube is inserted into the rubber 
tubing between the patient’s mouthpiece valve and the recording spirometer 
mouthpiece valve. A small glass tube is also inserted into this rubber glass 
tubing and connected to the oxygen supply by a tube which can be clamped off. 

The subject first breathes room air through his mouthpiece valve. He is 
then switched to the recording spirometer and after two to three breaths an 
expiratory capacity reading is taken, after which one or two more normal 
breaths are recorded and a second expiratory reading is beguii. At the end 
of this expiratory phase the subject is switched over to the Tissot spirometer 
and the seven minutes of nitrogen washout are begun. If the observer is 
not satisfied with the first expiratory effort he may repeat it and not switch 
the subject over until a third effort is made. 


1Manuscript received October 4, 1955. 


Contribution from the Cardio-pulmonary Laboratory, Surgical Division, Triboro Hospital, 
New York 3, N.Y. 
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The essential point in this method is that any “switch-over error’? can 
easily be seen and calculated from the spirometer tracing (Figs. 2 and 3). 
The normal breaths give one the base line of the patient’s ordinary breathing. 
The first maximum expiratory effort is used as a standard to judge whether 
the patient was switched over at the true point. If he was switched over 
earlier or later, one need merely measure the difference and use this to correct 
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Fic. 2. The spirometer tracing moves from right to left. The vertical lines are 12 
sec. apart. The distance between heavy horizontal lines represents 207 ml. The 
“switch-over” error is 394 ml. uncorrected for temperature and pressure. 

Fic. 3. The “switch-over” error is 104 ml. uncorrected. 
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the calculated residual capacity. The spirometer is started off with room 
air, and no soda lime, so that there will be no change in nitrogen percentage 
concentration over these few seconds, and a horizontal base line on the spiro- 
meter tracing is obtained for ease and accuracy in calculating the switch-over 
error if any exists. 

While the subject is undergoing nitrogen washout the spirometer and its 
side arm are flushed with oxygen. At the end of seven minutes the patient 
is again switched over to the recording spirometer and his alveolar air is 
collected in the side arm leading from his own mouthpiece to the recording 
spirometer. 

One of the two rubber tubes which connect the recording spirometer to its 
own mouthpiece valve is clamped off with a sponge forcep to divert all the 
alveolar air to the other tube; or to avoid using a clamp, a simple valve 
may be inserted into this tube. The reason for doing this is to prevent any 
possible ‘‘aspiration back’’ when the alveolar sample is drawn. The single 
unclamped tube contains all the alveolar air, whereas if both tubes were open 
there might not be enough “undiluted” alveolar air to yield a true alveolar 
sample. When the alveolar gas sample is taken in this manner one avoids 
the large negative pressure developed, with its attendant risks of room air 
contamination, because the spirometer bell compensates for it. 


Method of Calculation 
Let, Ne = total Tissot nitrogen derived from patient in liters at ambient 
pressure, saturated, and at Tissot temperature (° C.), 
Na = total Tissot nitrogen in liters, 
Ne, = % nitrogen in Tissot, 
Noo: = % nitrogen in oxygen as impurity, 
V, = Tissot volume as read in liters, 
V, = Tissot “dead space’ volume in liters. 
Then, Noe = (Ve + Vz) Nas. 
Let, Ns; = amount of nitrogen added to Tissot as impurity in oxygen. 
Then, Noi = (V> + Vz) Neo 
And since Ne = No — Nai, 
on substitution, Ne = (Ne, — Neo,).(Vr + V,). 


Let, No. = Ne volume corrected to the gas volume at body temperature 
saturated, and at ambient pressure, in liters. 


C = correction factor from tables (4). 
Therefore No. = Ne. C. 


Let, Noa = % lung alveolar nitrogen present at beginning of experiment 
(80 to 81%). 


New = % lung nitrogen at end of experiment (alveolar nitrogen). — 
N2. = total amount of nitrogen excreted by tissues during experi- 
ment in liters, saturated at body temperature and ambient pressure (1). 
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A = total air between alveolocapillary membrane and mouthpiece 
switch-over value in liters, saturated at body temperature and ambient 
pressure. 


Then, Nee = (Nan - A) — (Nea . A) + Nae, 
= (Nea — Nea) A + Nee. 
Therefore A = (Nee — Nee)/(Noa — Nea). 
Let, RC = residual capacity in liters, saturated, at body temperature 
and ambient pressure. 


T, = tracheal and mouthpiece air volume in liters, saturated at body 
temperature and ambient pressure. 


e = switch-over error as measured on “side arm spirometer tracing”’ in 


liters corrected to saturated volume at body temperature and ambient 
pressure. 


Then, RC = A—- T+. 


Discussion 


We have found that in our dyspnoeic patients, and many patients are 
dyspnoeic, it is difficult to switch the patient to the Tissot spirometer at 
any particular phase of respiration. Many have shallow respirations and it 
is often hard to obtain an even base line of normal respiration. We have 
become especially interested in residual volume studies in mitral, aortic, and 
congenital heart disease (3). In the usual open-circuit method of deter- 
mining residual volumes, the patient must be ‘‘switched over’’ at the proper 
point (assuming that that point is known), otherwise much time and labor 
is lost through having to flush out the apparatus and start the procedure 
anew. The method here described eliminates these difficulties and has now 
stood the test of trial by daily use on our surgical service. 
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QUANTITATIVE CONCEPTS RELATED TO PROTHROMBIN 
AND AUTOPROTHROMBIN I ACTIVITY! 


By WALTER H. SEEGERS, SHIRLEY A. JOHNSON, AND JOHN A. PENNER 


Abstract 


It has been discovered that Russell viper venom can be combined with 
autoprothrombin I and calcium ions for the activation of purified prothrombin to 
thrombin provided a small amount of Ac-globulin is also in the reaction mixture. 
This observation has been utilized for developing a quantitative assay for 
autoprothrombin I concentration. Conditions are arranged so that the vield 
of thrombin from a purified prothrombin substrate is quantitatively related to 
the amount of autoprothrombin I in the reaction mixture. Normal human 
plasma contains about 21 units of autoprothrombin I, and serum contains about 
39 units. It is estimated that about 8%% of the prothrombin of plasma is con- 
verted to autoprothrombin I when blood clots in a test tube. By addition of 
purified platelet factor 3 to freshly drawn blood, the conversion of prothrombin 
to autoprothrombin I may involve more than two thirds of the prothrombin; 
and, by addition of thromboplastin to freshly drawn blood, about 50°; of the 
prothrombin can be converted to autoprothrombin [. It is estimated that the 


autoprothrombin I concentration of plasma is from 1 to 14 mgm. ©¢. 


Autoprothrombin I can be obtained from purified prothrombin in a reaction 
indicated by the following equation: 


Cat 
Ac-globulin 
Platelet factor 3 
Prothrombin ————-————————> _Autoprothrombin I 


Autoprothrombin I is found in serum, and is not converted to thrombin 
by any known mechanisms except by autocatalysis in 25% sodium citrate 
solution. Other authors have inaccurately postulated a precursor of the 
serum factor entirely separate from prothrombin. They have described 
bleeding tendencies wherein the serum factor is involved and have also found 
alterations in its concentration in association with anticoagulant therapy. 
The diverse methods used for quantitative approximations of the activity 
are all one-stage procedures, quite different from the technic we describe in 
this paper. The development of our work began with a valuable discovery: 
namely, that Russell viper venom activates purified prothrombin when 
combined with autoprothrombin I. This may be represented by the following 
equation: 


Catt 
Ac-globulin 
Russell viper venom 
Autoprothrombin I 
Prothrombin — Biothrombin 





1Manuscript received May 2, 1956. a 

Contribution from the Department of Physiology and Pharmacology, Wayne University 
College of Medicine, Detroit, Michigan. This investigation was supported by a research grant 
—”* from the National Heart Institute, National Institutes of Health, Public Health 
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Materials and Methods 


Previous descriptions of materials and methods have been given as follows: 
preparation of purified bovine prothrombin (10, 4); modified two-stage assay 
for prothrombin (11); assay for thrombin (8); the preparation of lung extract 
thromboplastin (3); and the preparation of autoprothrombin I (6). 


Quantitative Determination of Autoprothrombin I Activity 


Purified prothrombin is used as a substrate in our assay. As usually 
obtained by procedures described (4), it contains some Ac-globulin. The 
latter is needed. For that reason, prothrombin preparations that have been 
extensively purified or heated to remove Ac-globulin are not used. A pre- 
paration such as prothrombin product No. 10 of Seegers, Loomis, and Vanden- 
belt (7) is adequately purified and low in autoprothrombin I concentration. 
When Russell viper venom (Burroughs Wellcome & Co., Tuckahoe, N.Y.) 
and calcium are added to a solution of such a prothrombin preparation, no 
thrombin is obtained. However, if autoprothrombin I, prepared from 
prothrombin as described previously (6), is also added, the prothrombin 
substrate is converted to thrombin, and the thrombin concentration can be 
measured quantitatively. The yield of thrombin depends upon the quantity 
of autoprothrombin I in the reaction mixture. The quantitative relation- 
ships are shown with the data of Fig. 1. 

To perform an analysis a reaction mixture of the following composition is 
made: 


Purified prothrombin (4000 units per ml.) 1.0 ml. 
Russell viper venom (0.01 to 0.001% (w/v) in saline) 0.5 ml. 
CaCle (0.162 W) in imidazole buffer (pH 7.25) 0.5 ml. 
Autoprothrombin I concentrate (plasma or serum) 0.5 ml. 
Physiological saline solution 0.5 ml. 


When the source of autoprothrombin I| is a concentrate prepared in the labor- 
atory, an appropriate dilution is selected. If the unknown is plasma, it is 
first defibrinated with thrombin. For that purpose one volume of plasma 
is mixed with one volume of purified thrombin containing 20 units per ml. 
After the fibrin is removed, the solution is extracted three times with ethyl 
ether. This extraction instituted for the purpose of lowering antithrombin 
concentration is done in a test tube. The latter is inverted a few times and 
then the ether is removed by simple separation. Finally, the ether is blown 
off by bubbling some air through the plasma for a few minutes. Serum 
samples are similarily treated except that they are diluted 1 to 1 by addition 
of saline instead of dilute thrombin solution. In the reaction mixture, plasma 
and serum samples are thus diluted 1 to 12. In any analysis, one may elect 
to obtain a complete activation curve to be drawn in relation to “standard” 
reference curves such as found in Fig. 1, or a thrombin analysis may be per- 
formed only once after 80 min. of prothrombin activation. A curve or a 
single point, as the case may be, will coincide most nearly with one of the 
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Prothrombin Activation with Autoprothrombin I 
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Fic. 1. Quantitative yields of thrombin with various amounts of autoprothrombin 
I placed in reaction mixture described in test. Serial dilutions of a selected autopro- 
thrombin I solution were made. Without dilution, this autoprothrombin I solution 
gave curve 100, which represents a complete activation of the prothrombin substrate. 
All dilutions of the autoprothrombin solutions activated only part of the same prothrom- 
bin substrate. Only one set of reagents was used for obtaining the entire family of 
curves. The numbers with each curve represent the units of autoprothrombin I in 1 ml. 
of reaction mixture. With five units one finds 330 units thrombin per ml. Below five 
units the respective figures for curves not shown on the chart are as follows: 4 (260), 3 
(175), 2 (120), and 1 (60). A serum sample is diluted 1 to 12 in the reaction mixture. 
If any other dilution is used, the appropriate arithmetic is applied. In the case of plasma, 
a correction can be made for quantity of anticoagulant used if the hematocrit is known 
for the blood sample. 


curves numbered from 0 to 50 on Fig. 1. If it reaches 100, the prothrombin 
substrate is a limiting factor and a greater dilution of the unknown must be 
made. The units of autoprothrombin I are expressed in terms of the units 
indicated for each curve of Fig. 1. For example, a serum sample yielding a 
curve which might coincide with curve 5 of Fig. 1 would contain 12 K 5 = 60 
units of autoprothrombin I. The numbers on each curve of Fig. 1 apply to 
the autoprothrombin I concentration of the reaction mixture, The auto- 
prothrombin unknown is diluted six times in the mixture, and the serum 
was diluted 1 to 1 representing the 12-fold dilution. 


Quantitative Studies 


It was of interest to relate the activity of autoprothrombin I to the activity 
of the original prothrombin from which it can be derived, according to the 
first equation given above. In other words, how much autoprothrombin I 
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activity is obtained when a unit of prothrombin is inactivated or converted 
to autoprothrombin I? To study this question a prothrombin solution 
containing 1720 units per ml. was inactivated (converted to autoprothrombin 
1) with calcium and purified platelet factor 3 (1) according to the procedure 
of Seegers, Alkjaersig, and Johnson (6). The final mixture contained no 
prothrombin and about 400 units of thrombin. This means that 1320 units 
of prothrombin became autoprothrombin I or material which no longer 
converts to thrombin in the two-stage analytical procedure (6). This solu- 
tion, which contains 400 units of thrombin and which had lost 1320 units of 
prothrombin, was diluted 10-fold and then placed in the reaction mixture 
described above. A curve comparable to No. 15 of Fig. 1 was obtained. 
That curve corresponds to 700 units of thrombin and is a figure which does 
not need to be corrected for the thrombin carried into the reaction mixture 
because of the great dilution. 

For purposes of applying arithmetic to our data we consider that the 
original prothrombin solution was diluted six times in the reaction mixture 
and 10 times before that, giving a total dilution of 60. Consequently, the 
1320 units of lost prothrombin activity was also diluted 60 times. It follows 
that 1320/60 = 22 units of inactivated prothrombin yielded 15 units of 
autoprothrombin I. This means that one unit of prothrombin yields 0.68 
units of autoprothrombin I. 

We can further enlarge our quantitative concepts. The concentration of 
autoprothrombin I in plasma is 20.8 units per ml. (Table I). Since a unit 
of prothrombin yields 0.68 units of autoprothrombin I, these 20.8 units of 
autoprothrombin I of plasma could be obtained from 30.6 units of prothrom- 
bin, which would exhaust only 1/10th of the prothrombin supply of plasma, 
for, according to the data of Table I, the latter contains about 340 units 


TABLE I 


CONCENTRATION OF AUTOPROTHROMBIN I IN HUMAN PLASMA AND SERUM 








Autoprothrombin I* 











Subject —— 
Number Prothrombin* Plasma Serum 
2 360 24.2 39.6 
6 288 12.2 43.2 
11 384 21.0 39.6 
12 394 23.0 36.0 
13 375 22.1 40.8 
14 318 17.7 ae .2 
15 306 29.5 37.2 
31 368 18.7 42.6 
32 352 21.5 36.0 
34 330 20.9 42.8 
35 284 18.0 39.6 
Average 342 units/ml. 20.8 39.5 





*All concentrations are in units per ml. and the plasma values are corrected for dilution due 
to the anticoagulant. 
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prothrombin per ml. We also know that the prothrombin concentration 
of plasma is 10 to 15 mgm. % (4), and the molecular weight of autoprothrom- 
bin I is only slightly less than that of prothrombin (5); therefore, it follows 
that the autoprothrombin I concentration of plasma is approximately one 
tenth of the 10 to 15 mgm. % or 1 to 1.5 mgm. %. 

By analysis, we found that serum contains about 39.5 units of autopro- 
thrombin I perml. In accordancewith the quantitative considerations reviewed 
above, we can estimate that the additional 19 units of autoprothrombin I of 
serum, in excess of plasma autoprothrombin I concentration, involved the 
conversion of 28 units of prothrombin to autoprothrombin I. We can, there- 
fore, estimate that about 8% of the plasma prothrombin was converted to 
autoprothrombin I| during the clotting of the blood. 

We were impressed with the observation that plasma and even serum 
contain rather small amounts of autoprothrombin I; and we attempted to 
convert more of the plasma prothrombin by using purified platelet factor 3, 
the latter having been found to be effective in the conversion of purified 
prothrombin to autoprothrombin I. We repeatedly performed the following 
experiment: Nine milliliters of blood, obtained by venipuncture, was mixed 
with 1 ml. of purified platelet factor 3 (concentration 70 units per ml.). The 
blood clotted rapidly, and the clot subsequently retracted. In two hours, 
the serum was assayed and was found to contain 144 units of autoprothrombin 
I per ml. It would require 144 + 0.68 = 212 units of prothrombin to obtain 
this amount of autoprothrombin I. This figure is not corrected for dilution 
of plasma with the platelet factor 3, and it is not corrected for the original 
quantity of autoprothrombin I (20.8 units/ml.) in the plasma. Our range 
of accuracy is concerned only with a good approximation. Consequently, 
we estimate that about two thirds of the prothrombin of plasma can be 
converted to autoprothrombin I, as compared with 7%. which is ordinarily 
converted. 

With calcium ions and thromboplastin, purified prothrombin is converted 
to biothrombin and “inactive prothrombin” (10). Consequently we were 
interested in trying to determine how much prothrombin, when in its native 
state as found in plasma, can be converted to autoprothrombin I, with the 
use of thromboplastin instead of platelet factor 3. Five volumes of blood 
were mixed with one volume of thromboplastin. After two hours, the serum 
was removed and analyzed for autoprothrombin I. Without correction for 
the volume of thromboplastin added, we found 120 units autoprothrombin 
I per ml. of serum. By applying the arithmetic outlined above, it was 
estimated that approximately half of the prothrombin was converted to 
autoprothrombin I. This is less than was found with platelet factor 3. 
In this comparison we do not know that all conditions were optimum for the 
function of either platelet factor 3 or thromboplastin. However, in many 
attempts with altered conditions we invariably obtained more autoprothrom- 
bin I with the use of purified platelet factor 3 than with thromboplastin. 
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Discussion 


Previous to the work described in this paper, it was evidently not realized 
that prothrombin can be converted to thrombin according to the following 
equation: 

Ca++ 
Ac-globulin 
Russell viper venom 
Autoprothrombin I 
Prothrombin —-——-————————— Biothrombin 


This function of autoprothrombin I can be exploited for its own quantitative 
assay. We regard the procedure we have described as simple in concept, 
and furthermore, the technical details are not difficult. Purified prothrombin 
is needed but not necessarily in highly purified form. The quantitative 
determination of thrombin concentration is actually the only analytical 
manipulation and could also be done by chemical means such as the TAMe 
assay (9). 

The concentration of autoprothrombin I is relatively low in plasma. Less 
than 10% of the prothrombin in human plasma would be required to supply 
the amount of autoprothrombin I found in plasma. In bovine plasma, the 
amount is even smaller. This probably accounts for the relative ease with 
which we have obtained purified prothrombin from bovine sources essentially 
free of autoprothrombin | even though the two proteins have several chemical 
properties in common. Even in serum, the concentration of autoprothrombin 
is not high, being only about double that found in plasma. However, when 
thromboplastin is added to bovine blood, much autoprothrombin I is found 
in serum and can be isolated with the use of the very same technics used for 
the purification of prothrombin (2). 

With the use of purified platelet factor 3, more than two thirds of the pro- 
thrombin of plasma can be converted to autoprothrombin I. This simple 
procedure thus provides a practical means of supplying serum rich in this 
factor. Such serum is likely to be useful for therapeutic purposes. 
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THE POTASSIUM UPTAKE AND RATE OF OXYGEN 
CONSUMPTION OF ISOLATED FROG SKELETAL MUSCLE 
IN THE PRESENCE OF INSULIN AND LACTATE! 


By J. F. MAnery, D. R. H. GourLEy, AND KENNETH C. FISHER 


Abstract 


Insulin (5.0 X 10~ units per ml.) and lactate (5.0 X 10-3 M) caused an uptake 
of potassium by intact frog skeletal muscles in vitro, and a concomitant loss of 
potassium from the medium surrounding the muscles; this fluid was Ringer's 
solution containing 2.1 meq. of potassium per liter. Thus a movement of 
potassium against a high concentration gradient has been demonstrated. In 
general, the conditions under which potassium uptake occurred stimulated the 
oxygen consumption of the muscles. Monoiodoacetic acid (2.5 x 10-4 M) 
abolished the effect of insulin on the potassium uptake and greatly reduced its 
effect on the oxygen consumption. 


Introduction 


As early as 1923-24 it was shown that when insulin was administered to 
normal fasting dogs (1) and to diabetic patients (12) the concentration of 
plasma potassium decreased along with that of glucose and inorganic and 
acid-soluble phosphorus. Plasma sodium and calcium remained unchanged. 
These findings were confirmed by Hausler and Heesch in 1925 (14) and by 
Kerr in 1928 (17). Hence, at this early date, a relationship was established 
between plasma potassium on the one hand and insulin and carbohydrate 
metabolism on the other. 

Recently the serious muscular paralysis which sometimes occurs during 
treatment with insulin and glucose has been attributed to the low plasma 
potassium and, indeed, it is believed that death might have been averted in 
some instances by appropriate potassium therapy. Limitations of space 
prevent listing all of the papers published which deal with this subject (15, 
19). 

The reason for the hypopotassemia and the fate of the lost plasma potassium 
are still unknown. Greenman and colleagues cencluded in 1949 (10) that, 
in patients undergoing therapy for diabetic acidosis, the continued excretion 
of potassium, and the dilution of body fluids by administered potassium-free 
solutions, could account for much of the hypopotassemia observed. An 
uptake of the cation by tissue cells such as liver and muscle also seemed to 
be a reasonable possibility. Deposition of potassium along with glycogen 
in the liver of intact animals was reported by Fenn in 1939 (4, 5), and the 
importance of potassium for the synthesis of glycogen by isolated liver slices 
has been well documented (13, 24). As a result of this type of research and 
that on isolated cells (bacteria, leucocytes, red cells, yeast, etc.) the view 
has been put forward repeatedly that, when glucose or some carbohydrate 

'Manuscript received April 23, 1956. 
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intermediary is metabolized and glycogen is formed, potassium and probably 
phosphorus are taken up by cells; during the reverse process of glycogenolysis 
they are released from cells. The details of this relationship are still unknown. 

That muscle as well as liver might absorb some of the potassium during 
insulin therapy has been suggested by the brief report by Kamminga and 
collaborators in 1950 (16). Their published graph indicates that isolated rat 
diaphragm in the presence of insulin and glucose took up potassium from 
the medium during the first hour of incubation. Leupin and Verzar (18) 
found that, as glycogen was being laid down by isolated rat diaphragm in 
the presence of glucose and insulin, less potassium was lost from the muscle 
than in the absence of glucose and insulin. That an increase in muscle 
potassium was concomitant with glycogen deposition was again reported in 
1954 (2). 

It was shown as early as 1924 that insulin was effective in the frog and other 
cold-blooded animals as well as in warm-blooded animals (20). Quite recently 
Smith (22) reported a decreased plasma glucose in frogs and a fall in muscle 
glycogen following insulin injections. Later, Hall, Fisher, and Stern (11) 
and Gourley and Fisher (8) demonstrated an increased rate of oxygen con- 
sumption by intact, isolated frog muscles in the presence of insulin, and an 
inverse relation of this effect to the glycogen content of the muscle. Accord- 
ingly, experiments were designed to measure the concomitant potassium 
movements. In the research to be described in this report, it was shown 
that frog muscles, in the presence of insulin and lactate, respired at a faster 
rate and took up more potassium from the medium than their contralateral 
controls. These effects of insulin were partially or completely abolished by 
monoiodoacetic acid. 


Materials and Methods 


All experiments were performed at 20.0+0.05°C. on leg muscles obtained 
from male leopard frogs, Rana pipiens Schreber. The general techniques 
employed in preparing the muscles and determining the rate of oxygen con- 
sumption have been described in detail elsewhere (8, 11). In the present 
experiments one respirometer vessel containing the tibialis anticus longus 
and the iliofibularis muscles from one leg served as the control vessel while 
another vessel containing the corresponding set of muscles from the opposite 
leg of the same animal served as the experimental vessel. 

Paired muscles from the right and left sides resemble each other closely 
in potassium concentrations and in observed rates of oxygen consumption. 
As in the previous research the experimental conditions were assigned ran- 
domly so that any bias due to frog differences and differences between right 
and left legs were eliminated. All of the experiments were performed during 
the month of June in two separate years. 

After soaking overnight in Ringer’s solution at 5°C. the muscles were 
placed in the main compartments of the Warburg vessels (9 ml. capacity), 
which contained about 1.2 ml. of the original solution, the exact amount 
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varving so that the total volume of fluid plus muscle was 1.4 ml. The 
chemical agents (lactate, insulin, and sodium monoiodoacetate) were made up 
as stock solutions and diluted with Ringer's solution in such a way that 
neither the potassium concentration nor the osmotic pressure were appreciably 
altered by their addition. Sometimes the initial solution in the Warburg 
vessel was Ringer’s solution only; in other instances it contained one or more 
of the chemical agents in Ringer’s solution. In the sidearms were placed 
0.2 ml. of the ‘‘control’’ and ‘‘experimental” solutions (see tables for solution 
constituents. 

The muscles were allowed to respire in the original solution for two hours. 
The contents of the vessel sidearms were then added and oxygen consumption 
measured for an additional period of four hours. The effect of the added 
“control” and “experimental” solutions on the rate of oxygen consumption 
was considered in the present work to be the difference between the rate of 
oxygen consumption (cu. mm. of oxygen per gm. final wet wt. per hr.) during 
the second hour and the sixth hour in the appropriate vessel. This difference 
was termed AO,C for control muscles and AO.E for experimental muscles. 
The effect of an experimental solution was expressed by the difference between 
these absolute changes in rates, i.e. AO.E—AO.C. 

At the end of the sixth hour the set of muscles in each vessel was removed, 
stimulated to assure contractility, was blotted on filter paper, weighed, and 
placed in tared platinum crucibles. A sample (1 ml.) of the fluid in each 
Warburg vessel was removed and placed in a crucible. The water concen- 
trations of the muscles were determined by drying to constant weight at 
100° C. After ashing of both muscles and fluids in a muffle furnace at tem- 
peratures not exceeding 550° C., the concentration of potassium was determined 
by the method of Shohl and Bennett modified essentially as described by 
Fenn, Cobb, Manery, and Bloor (6), but altered so that smaller amounts of 
potassium (0.002 meq.) could be estimated with a precision of 1%. Only one 
potassium analysis was performed on 1 ml. of fluid but duplicate analyses were 
done on each muscle sample. The change in the muscle or fluid potassium 
produced by an experimental solution is expressed as the difference between 
the concentrations of potassium in the muscles or fluids contained in the 
paired control and experimental vessels. 

In three experiments muscles were analyzed for chloride using the open 
Carius procedure of Van Slyke (25) modified (Blake and Manery, unpub- 
lished) so that the chloride in 150 to 200 mgm. of muscle could be measured 
with a precision of 1%. 


Results and Discussion 
Mammalian Muscle 


At the beginning of this research a mammalian muscle preparation (Johnson 
and Fisher, unpublished), the extensor digitorum longus from the right and 
left legs of young rats, was used to study the effect of insulin and lactate on 
potassium movements. These muscles when freshly dissected contained 
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101.4 (average of 6) meq. of potassium per kgm. At the end of the experi- 
mental treatment the average potassium concentration of 13 muscles exposed 
to insulin and lactate was 93.9 and that of the contralateral controls 88.7 
meq. per kgm. In general, too, the fluids in which experimental muscles 
were immersed contained less potassium than those surrounding the control 
muscles. There was, however, considerable variation in the data; in three 
out of the 13 pairs the experimental muscle contained less potassium than its 
control. Because of this and many difficulties inherent in this mammalian 
preparation, frog muscles were used for the remainder of the research. 


Frog Muscle: Oxygen Consumption 

A summary of the data describing the rates of oxygen consumption under 
six sets of experimental conditions is presented in Table I. Six male frogs 
were used for each condition except number 4 when 12 were used. In all 
experiments except number 6, the control and experimental muscles respired 
in the same media (that in the main space of the vessel, columns 2 and 3) 
for the first two hours. The rate of oxygen consumption of any set of muscles 
and the contralateral set were so similar that the second hour rates for experi- 
mental and control muscles have been averaged in column 6, Table I. The 
comparatively low rates observed in Ringer’s solution alone in experiments 
2 and 4 are not unusual for June frogs although the average respiratory rates 
recently reported (8, 11) are somewhat higher. The differences between 
the rates in the second hour and those in the final hour, AOsC and AO.E, 
are also given and represent the effect produced by the contents of the side- 
arms. The difference between these values, AO.E—AO.C (column 9, Table 
I), shows the influence of the agent added to the experimental vessel and not 
to the control. 

The accelerating effect of lactate alone on respiration, previously shown 
by Gourley and Fisher (8), is evident from data of experiment 1 (columns 
8 and 9), and of experiments 3 and 4 (column 7). The effect of insulin alone 
(experiment 2) is not as great as that of lactate alone and the data vary 
considerably in both experiments as indicated by the large standard error. 
Muscles of June frogs are being rapidly depleted of glycogen and since the 
insulin stimulatory effect appears to vary with the glycogen concentration 
(11), much of the variation found in the data of this table may be attributable 
to dissimilar glycogen concentrations in muscles. In experiment 3, muscles 
were allowed to respire in Ringer-—lactate solutions at the beginning of the 
experiment, and insulin was added at the end of the second hour. The 
stimulation by lactate continued after the second hour (column 7), and the 
addition of insulin (column 8) seemed to be relatively ineffective in stimu- 
lating the respiration further (column 9). On the other hand when insulin 
and lactate were added together (experiment 4) the same marked stimulation 
by insulin was observed (column 9) which had previously been reported (8). 


Experiments 5 and 6 were concerned with the effects of the glycolytic 
inhibitor, monoiodoacetate, in a concentration of 2.5 X 10-* M, which ap- 
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TABLE I 


THE EFFECT OF INSULIN AND LACTATE ON THE OXYGEN CONSUMPTION OF FROG 
MUSCLES 


Units are expressed per gm. or kgm. of final wet weight of muscle. All substances were 
dissolved in Ringer's solution and the pH adjusted to 7.4 when necessary. Final concen- 
trations were: sodium lactate, 5.0 X 1073 M; insulin, 5.0 X 107 units per ml.; monoiodo- 


acetic acid (IAA), 2.5 X 107+ M 








Solutions in Warburg ATotal O., 
————— Rate of O: consumption, cc. /kgm. 
Expt. Main space Sidearm cu. mim./gm./hr. /6 lir. 
Control Exptl. Control Exptl. 2nd hr. AO-C AO:E AOeE—10-C O2E-—Ox 
(1) (2 (3) (4) (5) (6) (7) (8) (9) (10) 
1 K K R RL 34.2 [12] — 0.2 415.3 415.5 {6} 74.2 
+4.4 
2 R R R RI 21.8 [12] + 5.0 +12.9 + 7.9 [6 24.5 
- 3.8 
3 RL RL R RI 37.6 [12] +14.9 +19.3 + 4.4 [6] 15.8 
+3.7 
4 R R RL RIL 21.2 (24) +21.0 +41.2 420.2 [12] 57.1 
+2.3 
5 R+IAA R+IAA RL RIL 19.4 [12] +16.8 +18.3 + 1.5 {6} 10.6 
3-1 
6 R R+IAA_~ RIL RIL 25.6 [6] +24.6 + 7.8 -16.8 [12] —54.0 
=3.2 





Note: The bracketed figures are the numbers of values contributing to the average. In 
column 9 each mean is given with its standard error. 

R refers to Ringer's solution, L to lactate, I to insulin, and IAA to iodoucetate. Hence RL 
refers to Ringer's solution + lactate, RIL to Ringer's + insulin + lactate, etc. 

AO.C represents the difference between the rates of oxygen consumption at the second and 
sixth hours in the control vessel, AQsE the same for the experimental vessel. The difference 
AO.E—AO,C is caused by the experimental agent, which is lactate in experiment 1, insulin in 
experiments 2, 3, 4, and 5, and todoacetate in experiment 6. 

We are indebted to M. B. Dickte for experiment 6. 


peared from Stannard’s data (23) to reduce glycolysis to 20%¢ of its uninhi- 
bited level in 80 min. In experiment 5 the inhibitor was present in all vessels 
throughout the experiment and under such conditions there was an appreciable 
stimulation of the rate of oxygen consumption by lactate alone (column 7) 
but the extra stimulation by insulin was completely abolished (columns 8 
and 9). In experiment 6 a combination of lactate and insulin in Ringer's 
solution was added from the sidearms in all vessels, the control muscles 
having been in Ringer's solution and the experimental in Ringer's with iodo- 
acetate. The stimulation by insulin and lactate in the presence of the inhi- 
bitor was less (+7.8 cu. mm. per gm. per hr.) than when it was absent (+ 24.6 
cu. mim. per gm. per hr.). These results confirmed those of Gourley and 
Fisher (9). They had shown by lactate analyses that not only had the oxygen 
consumption (presumably due to lactate oxidation) been reduced if the 
muscle had been exposed to iodoacetate, but the iodoacetate had decreased 
to an even greater extent the disappearance of lactate via other pathways 
(presumably glycogen synthesis). 
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Frog Muscle: Potassium Uptake 

All of the muscles used in this research gained weight during the experi- 
mental period. The concentration of water at the end of the experiment 
varied from 83.3°% (maximum) to 79.8% (minimum) and the control and 
experimental muscles were so similar in water concentration that the average 
difference between 27 pairs was 0.40%+0.076. Although the values 
presented are based on final wet weight it is obvious that the conclusions 
would not be altered if initial wet weights had been used. 

At the end of the Warburg experiment control muscles contained about 
80 meq. of potassium per kgm. (Table II, column 6). The influence of the 
experimental agent can be seen in column 8 where the differences between the 
potassium concentrations in the control and experimental muscles have been 
listed. The potassium changes in the muscle are small but they are consis- 
tently mirrored in the potassium concentrations of the media at the end of 
the experiment. From the three sets of data in experiment 1 it must be 
concluded that lactate had little or no effect on the movement of potassium, 
whereas insulin, alone (expt. 2) and when added to muscles already in Ringer- 
lactate solutions (expt. 3), produced a significant decrease in fluid potassium 
(column 11) and an increase in muscle potassium. For reasons not too clear 
at this time a more striking uptake of the cation by the muscle is produced 
(expt. 4) when insulin is added with the lactate. The fluid potassium con- 
centration decreased by as much as 25% (i.e. from 2.1 to 1.6 meq./liter in 
expt. 3) and the muscle concentration increased by 6 meq. per kgm. in expt. 
4. Although the potassium changes are not large the direction of the change 
is consistent. In each of the 18 pairs of data comprising experiments 2, 3, 
and 4 the potassium concentration of the fluid surrounding the experimental 
muscle was significantly lower than that in the fluid bathing the control 
muscle. Because of the consistency of the differences between the members 
of each pair, the average difference due to insulin in each of the three experi- 
ments is highly significant in the statistical sense. The conclusion is ines- 
capable that insulin, particularly in the presence of lactate, caused muscle to 
take up potassium against a high concentration gradient. That insulin does 
not simply prevent a loss of the cation from the muscle to the medium is 
evident from the fact that the final fluid concentrations (column 10) are all 
below the initial value of 2.1 meq. per liter. 

If the muscle was first exposed to the glycolytic inhibitor, monoiodoacetic 
acid, insulin + lactate (expt. 5) did not produce a potassium uptake. Indeed, 
both the control and experimental muscles lost appreciable amounts of 
potassium since the fluid concentration was 2.4 (columns 9 and 10) instead 
of the initial value of 2.1 meq. per liter. This abolition of the insulin effect 
was also portrayed by the experiment designed in number 6. In this case 
only a small uptake of potassium appeared to be produced by insulin and 
lactate since the fluid concentration was 1.9 (column 9). Not only was this 
uptake abolished but a further loss resulted from previous exposure to the 
inhibitor (column 10). Dean (3) reported that 3.3 & 10-* M iodoacetate 
“had practically no effect on the potassium content of muscles in oxygen’’. 


TARLE II 
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The consistency in the data obtained from fluid analyses of potassium 
has already been emphasized. That similar consistency was not found when 
muscles were analyzed directly can probably be attributed to the fact that 
the members of a pair of muscles did not have identical initial potassium con- 
centrations. Knowing the weight of the muscle in each vessel and the initial 
and final potassium concentrations of the medium it is possible to calculate 
(per kgm. of muscle) the potassium taken up from, or lost to, the medium. 
These calculations have been made and the differences between the control 
and experimental muscles (AK) plotted in Fig. 1. 

Attention is drawn to the averages of the chloride analyses listed in Table 
II. Three paired muscle sets were analyzed in experiments 1 and 5, and 
six paired muscle sets in experiment 4. In each of the six cases in experiment 
4 the experimental muscles contained less chloride than the contralateral 
control muscles. In these experiments the potassium taken up by the muscle 
in the presence of insulin and lactate was not accompanied by chloride. 


O2 Consumption versus K Uptake 


A comparison of column 9, Table I, with columns 8 and 11, Table II, led 
to the suggestion that a relation existed between the rate of oxygen consump- 
tion and the potassium uptake. When insulin and lactate produced the 
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Fic. 1. AK, which is the difference between the K taken up by an experimental 
muscle and its contralateral control, has been plotted against the difference between the 
total oxygen consumed by the experimental muscle (O:E) and that consumed by the 
control (0:0). The K values were calculated from fluid analyses (see text). Each 
point represents a pair of muscles. Open circles (O) represent those from experiment 
3; plus signs (+), from expt. 4; crosses (X), expt. 5; and closed circles (@), from expt. 6. 
The equation of the calculated line is y = 0.41 + 0.0504 x. 
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greatest stimulation of respiration the largest uptake of muscle potassium 
occurred (experiment 4) and some inhibition of both effects was produced by 
monoiodoacetic acid. Lactate alone, however, increased the rate of oxygen 
consumption by 50°% with no concomitant potassium uptake, suggesting 
that only those processes stimulated by insulin are connected with potassium 
transport. 


If, in those experiments (i.e. 3, 4,5, 6) in which insulin and lactate were used, 
the active transport of potassium was supported by oxidative mechanisms, 
it is conceivable that the amount of potassium taken up by the experimental 
muscle might bear some simple relation to the amount of oxygen consumed 
by this muscle, in excess of that utilized by the control muscle. In order to 
assess this relationship the individual differences between the total oxygen 
consumed by the experimental muscles and by the controls (Table I, column 
10) have been plotted in Fig. 1 against the differences between the amounts 
of potassium taken up by the experimental muséles and by the controls 
(AK, calculated from fluid analyses). Clearly the data suggest that a linear 
relation exists between these two sets of values. The line drawn through 
the data is a calculated regression line (7) described by the equation, y = 
0.41+0.0504 x. The regression coefficient, 0.0504, which represents the 
slope of the line is highly significant (¢ = 6.09, N = 21). Attention is drawn 
to two other points of interest, the significance of which is still obscure. 
Firstly, the line in Fig. 1 passes close to the origin and would approach it 
even more closely except for one aberrant point. Secondly, it can be inferred 
from this line that for every milliequivalent of potassium taken up, 20 cc. 
or approximately 1 millimole of extra oxygen is consumed. Therefore for 
every pair of hydrogens oxidized to form water 0.5 milliequivalents of potas- 
sium are absorbed from the medium by the muscle cells. 

Finally, it will suffice to say that this report shows that isolated, intact, 
viable, paired frog muscles provide an excellent biological system for investi- 
gating not only the mechanism of insulin action as has previously been pointed 
out but-also the relation of active cation transport to cellular metabolism. 
It would be premature to embark upon any discussion of the mechanism 
underlying this insulin-stimulated potassium uptake until other aspects of 
the problem, now under investigation, are completed. Consistent with the 
literature reviewed above, however, involvement of the glycolytic cycle is 
indicated. 
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EXPERIMENTAL EVALUATION OF DIURETICS IN THE RAT! 
By J. D. McCo.t,? J. M. PARKER,’ AND J. K. W. FERGUSON 


Abstract 


The diuretic response of the male and the female rat to aminophylline has 
been studied when these animals were pretreated with various concentrations of 
sodium chloride solution. <A linear log dose — response curve was obtained over 
the dose range employed with male rats pretreated with 0.45% and 2% saline. 
Male rats exhibited a diuresis with 4% saline which was not increased by amino- 
phylline. Female rats showed diuresis but the responses were more variable for 
almost all combinations of electrolyte load and xanthine dose. When they were 
pretreated with 0.45% and 2% saline, aminophylline caused some additional 
production of urine but this was much less regular than that observed with males. 
The variation in response to aminophylline after 4% saline was very marked 
but the trend suggested that the xanthine had a diuretic effect at the high dose. 
The diuretic responses to a xanthine, a mercurial, and a carbonic anhydrase 
inhibitor type of diuretic were compared in the male rat. Peak responses were 
smallest after the mercurial diuretic and greatest with the carbonic anhydrase 
inhibitor. 


Introduction 


Several methods have been described for comparing diuretics using dogs, 
relatively few for rats. Lipschitz, Hadidian, and Kerpscar (10) have 
described a procedure for the comparison of diuretic agents in rats which 
involved the oral pretreatment of the animals with normal saline and employed 
urea as a “standard diuretic’’ for the comparison. 

This report deals with a comparison of the responses of the male and of the 
female rat to a xanthine diuretic. The effect of the administration of various 
concentrations of saline on urine output following the diuretic was observed. 
The relative diuretic effects of the xanthine, a mercurial, and a carbonic 
anhydrase inhibitor were compared in male rats. 


Methods 


For each set of conditions, 16 rats (150-250 gm.) were randomly distributed 
into four groups. Both males and females were employed in separate 
experiments but for any one trial, animals of one sex only were used. 

Latin square designs, chosen from tables (Fisher and Yates (7) ) and 
permuted, were utilized throughout. Treatments with aminophylline were 
randomized within any square as follows: (a) control, (6) diuretic at a dose 
equivalent to } the mouse intraperitoneal LD5o (134 mgm./kgm.), (c) diuretic 
at } the mouse LDs5o9 (67 mgm./kgm.), and (d) diuretic at § the mouse LD5o 
(34 mgm./kgm.). The control animals received the pretreatment but did not 
receive the drug. 

All animals received the same pretreatment solution by intraperitoneal 
injection at a dose equivalent to 50 ml./kgm. body weight. The total volume 

‘Manuscript received March 19, 1956. 
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of the diuretic and of the pretreatment solution did not exceed this quantity. 
One of the following solutions was used for pretreatment: water; 4%, 2%, 
0.90%, or 0.450% saline; or dextran (Crookes’ Intradex 6% depolymerized 
dextran in 0.9 saline). 

The xanthine, aminophylline, and the carbonic anhydrase inhibitor, 
acetazoleamide (Diamox—Lederle), were administered by the intraperitoneal 
route. The organic mercurial diuretic, mersalyl, was administered by either 
the intramuscular or the intraperitoneal route. The injection of mersalyl 
contained 10 mgm. of theophylline for every 8 mgm. of mercury. 

Following injection, the animals were placed in metabolism cages and urine 
was collected over a six hour period, unless otherwise stated. The animals 
were not dehydrated prior to trial but were maintained on their normal diet. 

Intervals of not less than three days were interposed between successive 
trials with aminophylline and acetazoleamide (Diamox) while in the case of 
the mercurial diuretics the interval was at least one week. 


Statistical Analysis 


The data were examined by an analysis of variance using the usual methods 
(15). Care was taken that the criteria of the design were met, in order to 
assure a valid test. It was shown that the Latin square was the correct choice 
in the experiments as occasionally the ‘‘mean squares’’ for ‘“‘trials’’ and for 
“‘sroups’’ were found to be significant. Had this not occurred at any time it 
would have indicated that a less elaborate design would have sufficed without 
a sacrifice in efficiency. 

The linearity of response was determined by the fitting of orthogonal 
coefficients. The estimation of the normality of the distribution for the urine 
output was done by the use of ‘k”’ statistics, and the “g” criterion (15). 
Level of significance was taken at P = 0.05 throughout unless otherwise stated. 


Results 


1. Response of the Rat to Aminophylline Following Pretreatment with Various 

Solutions 

Fig. 1 illustrates the result of a typical experiment and demonstrates one 
of the Latin square designs used. It summarizes the diuretic response of the 
male rat, pretreated with water, to aminophylline. The design is such that 
on any one day each group of animals receives one treatment. During the 
course of the experiment each group receives all the treatments at some time. 

In the male rat all the solutions produced an increase in urine volume as 
compared to that of animals which were not pretreated (‘‘primed’’). These 
results are shown in Table 1. The output of urine in the control animals, 
which had recieved the pretreatment solution but no xanthine, was greatest 
with 4% saline and decreased in the following order: water, 0.45% saline, 
0.9% saline, dextran, and 2% saline. 

Aminophylline effected no increase in the urine output when the animals 
were pretreated with 4% saline (Fig. 2). With water, with dextran, and 
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TREATMENT URINE OUTPUT 
@ CONTROL 85 ML. 

b 134 MG/KG. 115 ML. 

¢ 67 MG/KG 121 ML. 

6 34 MG/KG. 108 ML. 


Fic. 1. One example of the 15 Latin square designs employed (7): Experiment shows 
diuretic response to aminophylline in male rats pretreated with water. Figures for urine 
output are in terms of milliliters per group of 16 rats during the period of the experiment 
(six hours). 


with no pretreatment the lowest dose of aminophylline was about as effective 
as the highest dose. With 2%, 0.9%, and 0.45% saline the urine output 
increased as more diuretic was given. The log dose — response curves for 2°% 
and 0.45% saline were found to be linear. 

Fig. 3 shows the effect of graded doses on the urine output in the female 
rat tested with the same solutions as the male (Fig. 2). In the control animals, 
where no xanthine was given, all solutions produced an increase in urine 
volume as in the male rat. The maximum output was obtained when the 
rats were pretreated with water and decreased with the following solutions: 
4%, 0.9%, 2%, and 0.45% saline. In no instance was the urine output 
observed to increase linearly with increasing doses of aminophylline. At 
almost all dose levels of aminophylline and all types of priming there was 
greater variation in response than with males. This was evident in larger 
error terms in the analysis of variance. With 0.45% and 2% saline there was 


TABLE I 


URINE OUTPUT IN MALE RATS FOLLOWING INTRAPERITONEAL 
INJECTION OF FLUID (50 ML./KGM.) 














Solution Urine output, ml./kgm. 
No priming 6.2 
2% saline 22.8 
Dextran 28.0 
0.9% saline 31.2 
0.45% saline 33,2 
Water 35.3 
4% saline 55.3 
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a trend toward greater diuresis with increasing doses of aminophylline. The 
response after 4% saline differed markedly from the male. The urine output 
was less, except after the high xanthine dose, and much more variable. In 
this case there was greater diuresis than with no xanthine or with the lower 
doses. 

To assure that the usual methods for statistical analysis would be correctly 
applied, the data were examined for the normality of the distribution. The 
output of the control rats in terms of milliliters of urine/kgm. body weight 
was subjected to analysis by the ‘k”’ statistics and the ‘‘g’’ criterion (15). 
For male rats “primed”’ with 0.45% saline the g,; value (an expression of the 
symmetry) and the gs value (an expression of the kurtosis) were found not to 


be significantly different from zero. This suggested no essential departure 
from a normal distribution. 
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Fic. 2. Response of the male rat to aminophylline when “‘primed” with intraperitoneal 
injection of various solutions. (Vertical bars represent 95% confidence limits.) 
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Fic. 3. Response of the female rat to aminophylline when ‘‘primed” with intraperitoneal 
injections of various solutions. (Vertical bars represent 95% confidence limits.) 


2. Response of the Rat to Organic Mercurial Diuretics 


It was not possible to demonstrate significant diuresis in either the male or 
the female rat with organic mercurial diuretics administered intraperitoneally 
over a wide range of doses (equivalent to 0.25 mgm. to 16 mgm. of mercury/ 
kgm. body weight). Urine was collected at intervals of 6, 12, and 24 hr. 
Various saline solutions, such as 0.45%, 0.9%, and 2% saline were tested. In 
no instance was either a consistent or a significant increase of urine output 
obtained. 

A significant increase was observed when mersalyl was administered to 
male rats by the intramuscular route. The animals were pretreated with 
0.9% saline by mouth and urine collected for six hours. These results are 
shown in Fig. 4. Diuresis was greatest at a dose level of 4 mgm. Hg/kgm., 
and was also significant at 8 mgm. Hg/kgm., but not at 2 mgm. Hg/kgm. 
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Fic. +. Diuretic response of the male rat to an intramuscular mercurial diuretic. The 
animals were “‘primed”’ with 0.9% saline by the oral route. (Vertical bars represent 95°% 
confidence limits.) 


Fic. 5. Diuretic response of the male rat ‘‘primed” with 0.45% saline to acetazoleamide 
(i.p.). Urine output expressed as ml./kgm. in excess of control value. (Vertical bars 
represent 95‘ confidence limits.) 


It should be noted that the quantity of urine was considerably less than 
that obtained with aminophylline. The decrease in urine output at the 
highest dose of the mercurial diuretic probably indicated a toxic effect of 
mercury on the kidney. 


3. Response of the Male Rat to a Carbonic Anhydrase Inhibitor 

lig. 5 illustrates the increase in urine output observed in the male rat with 
increasing doses of acetazoleamide. The animals were pretreated with 0.45% 
saline intraperitoneally and the diuretic was administered by the same route 
at doses of 7, 14, and 28 mgm./kgm. Analysis of the data demonstrated a 
linear response curve over this dose range. 


TABLE Il 


COMPARISON OF THE DIURETIC RESPONSE IN MALE RATS WITH A XANTHINE, A 
MERCURIAL, AND A CARBONIC ANHYDRASE INHIBITOR DIURETIC 








Urine output, ml./kgm. in 
excess of control (dose mgm./kgm. shown 


Diuretic and route Primer and route in parenthesis) 
Aminophylline, i.p. 0.45% saline, i.p. 18 15 6 
(134) (67) (34 
Mersalyl, i.m. 0.9 % saline, oral 5.5 7.3 1.7 
(8) (4) (2) 
Diamox, i.p. 0.45% saline, i.p. 49 


22 15 
(28) (14) (7) 
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4. Comparison of the Diuretic Response of the Rat to Different Types of Diuretics 

Table If summarizes the relative urine output observed with a xanthine, a 
mercurial, and a carbonic anhydrase inhibitor diuretic in the male rat. While 
direct comparison is not feasible, since the drugs were tested in separate 
experiments the results are indicative of differences in response to the com- 
pounds tested. The figures shown are in terms of milliliters of urine/kgm. 
body weight in excess of control output. The greatest diuresis was obtained 
with acetazoleamide and the smallest with mersalyl. Aminophylline gave 
intermediate responses which were considerably larger than those observed 
with mersalyl. 


Discussion 


The method described by Lipschitz et al. (10) of comparing diuretics in the 
rat was modified to increase the accuracy. The Latin square design was 
employed as this permitted an analysis of variance whereby the differences 
between ‘treatments’, “‘trials’’, and ‘‘groups of animals’’ could be compared. 
It proved to be the correct choice as occasionally a significant difference was 
observed between “‘trials” and “groups” or both. These differences, separately 
estimated by this experimental arrangement, would have been included in the 
“error term’’ by any other designs (15). A large experimental (residual) 
error increases the difficulty of demonstrating a significant difference from 
controls, and a difference between log dose intervals. By using the Latin 
square design this residual error was kept small. 

The method employed differed from that of Lipschitz et al. (10) in other 
ways. The fluid administered for pretreatment was given by the intra- 
peritoneal rather than by the oral route. Further, the quantity of fluid 
administered was increased to 50 ml./kgm. The animals were not dehydrated 
or fasted before the experiment as was done by other workers, but were 
maintained on their normal diet until the trial. 

Lipschitz et al. (10) did not obtain a linear dose-response curve with 
theophylline and this precluded their reporting a A* value for xanthine 
diuretics. With urea their \ value varied from.0.06-—0.10 The success of the 
modifications of Lipschitz’ method was demonstrated by consistent results 
which could be used for quantitative comparisons (i.e. linear log dose — response 
curves). The Xd value calculated for aminophylline by our method with 
0.45% saline was 0.08 with a standard error of 0.03 (P = 0.05). 

Various animals have been used for the comparison of diuretics (e.g. rabbits, 
Bliss and Morrison (2); mice, Bonsmann (3); dogs, Scott ef al. (13); guinea 
pigs, Hildebrandt (9); and rats, Lipschitz et al. (10) and Dicker and Heller (5)). 
Many workers since von Schroeder (12) have observed divergent results with 
xanthine diuretics in different species. Walker (18) studying the relationship 
between the pituitary and water diuresis considered that rats were more 
consistent than rabbits. Dicker and Heller (5) concluded, on the basis of 


*Lambda is defined as s/b. The magnitude of X determines the efficiency of a given response; 
the smaller the value of \ the greater the inherent precision of the assay technique. 
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inulin and diodrast clearance in water diuresis, that the kidney of the rat 
resembled that of man and of the dog. However, Livesay and Moyer (11) 
recently observed different responses between the human and the canine 
kidney to 7-diethylaminoethyl theophylline, a xanthine derivative. This 
compound in doses of 50 mgm./kgm. produced diuresis in the dog, but not 
in man at doses of 500 mgm./man. 

The different results obtained with the female rat as compared with the 
male under similar conditions of water and electrolyte loading are difficult to 
assess. Other workers have noted a somewhat different and more variable 
response in the female animal during the study of diuresis (10, 18). This has 
been attributed to the variation of water metabolism associated with the 
oestrous cycle (4,17). The different responses from the male after 4% saline 
showed that the female rats could retain this load without the marked diuresis 
of the male rat. 

The relative order of response of the rat to a xanthine, a mercurial, and a 
carbonic anhydrase inhibitor diuretic was dissimilar to that observed in the 
human. The dose responses to the mercurial diuretic were particularly 
different. The peak response was obtained at a dose equivalent to 4 mgm. of 
mercury/kgm. This is approximately four times, in terms of body weight, 
the average human dose known to produce a profuse diuresis (Greiner et al. 
(8) ). However, in terms of surface area this is fairly similar to the human 
dose. Other workers have found that rats either require relatively high doses 
of mercury to produce diuresis (6, 14) or have reported complete failure with 
mersalyl or thiomerin (1) at any dose. Most noticeable was the fact that the 
maximum volume of urine produced by the mercurial was considerably smaller 
than that produced by either aminophylline or acetazoleamide. The order of 
response to these different types of diuretics as anticipated from clinical 
experience would be: mercurial, carbonic anhydrase inhibitor, and xanthine. 
However, Sollman (16) has reported a poor diuretic response to mercury in 
normal humans. One of us (J.K.W.F.) has observed a diuresis of 400 to 500 
ml. of urine in normal humans after 200-400 mgm. of aminophylline. This 
may suggest that in normal humans aminophylline is a more potent diuretic 
than mercury. Greiner ef al. (8) used ambulant patients with congestive failure 
to compare the diuretic effects of a mercurial diuretic (Mercuhydrin) with 
aminophylline. They reported that 39 mgm. of mercury by intramuscular 
injection produced a weight loss of 2 lb. This might be estimated to be a 
diuresis of 900 ml. The maximum response to 500 mgm. of aminophylline was 
about 1.25 lb. (estimated as 560 ml.). 

The observations with the rats suggest they resemble normal humans, and 
in spite of the loading with fluid by intraperitoneal injection, they do not 
resemble patients in failure. 

The techniques devised so far using rats and various pretreatments do not 


allow predictions of the relative diuretic potency of the drugs tested in humans 
with congestive failure. 
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METABOLISM OF ADRENAL STEROIDS IN THE MOUSE 


1. OBSERVATIONS ON 20a-DIHYDROCORTICOSTERONE AND 
CORTICOSTERONE IN THE PLASMA OF MICE TREATED 
WITH CORTICOTROPIN! 


By C. M. Soutucott, H. E. BANpy, S. E. NEwsom, 
AND MARVIN DARRACH 


Abstract 


Plasma levels of corticosterone and 20a-dihydrocorticosterone increase in the 
mouse following the administration of corticotropin. These are the two most 
abundant C»A‘-3-keto adrenal steroids in mouse plasma. The evidence 
indicates that some, if not all, of the circulating 20a-dihydrocorticosterone 
represents a tissue metabolite of corticosterone. A procedure is outlined for the 
synthesis of 20a-dihydrocorticosterone. 


Introduction 


This report describes the experiments which served to identify 20a- 
dihydrocorticosterone and corticosterone as the major A\‘-3-keto adrenal 
steroids in mouse plasma. In addition, data are presented to establish the 
in vivo conversion of exogenous corticosterone to 20a-dihydrocorticosterone. 
A preliminary account of the synthesis of 20a@-dihydrocorticosterone is also 
given. 

Although 20a-dihydrocorticosterone has not been described previously 
and its biological properties are unknown, several observations have been 
made on the C-20 dihydro derivates of other adrenal steroids. This type of 
compound was first isolated from adrenal cortex tissue and described by 
Reichstein (13, 14, 15). The biochemical conversion of a C-20 ketone to 
a C-20 hydroxyl group was demonstrated by Schneider (16) who isolated 
allopregnane-3 8,20(?),21-triol from rat liver slices incubated with 11-desoxy- 
corticosterone. Caspi etal. (4) found that perfusion of rat livers with cortisone 
afforded metabolites with C-208-hydroxyl groups, and more recently, these 
investigators (5) have demonstrated the presence in hog liver of a 
C-20a@-reductase able to convert 11-desoxycorticosterone to the corresponding 
20a-dihydro derivative. In other experiments, Forchielli et al. (6) demon- 
strated the reduction of 11-desoxycortisone to 208-dihydro-11-desoxycortisone 
by the supernatant fluid of rat liver homogenates; Hiibener (9) found that the 
same substrate, when incubated with whole liver homogenate, yielded primarily 
20a-dihydro-11-desoxycortisone and possibly a smaller amount of the 
corresponding 208-hydroxy stereoisomer. 

Tissues other than liver also have a capacity for reducing the C-20 ketone 
groups of adrenal steroids. For example, Hayano et al. (8) demonstrated the 
transformation of 11-desoxycorticosterone to 208-dihydro-11-desoxycorti- 


‘Manuscript received March 12, 1956. 
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costerone by corpus luteum homogenates and Ganis et al. (7) observed the 
conversion of hydrocortisone to 208-dihydrohydrocortisone by bovine 
kidney tissue mince. 

The in vivo experiments of Abelson et al. (1) again revealed an early attack 
on the C-20 ketone group; hydrocortisone C, when administered intravenously 
to rats, was rapidly converted to 208-dihydrohydrocortisone which appeared 
as the most abundant circulating metabolite among those revealed by the 
radioautograms. Thus it has been established that biological reduction of the 
C-20 ketone group is a common reaction occurring independently of other 
changes to the steroid molecule. 


Experimental 


Separation and Chromatography of the Neutral Unconjugated C2 Adrenal Steroids 

The unconjugated adrenal steroids were separated from blood or tissue 
preparations by continuous dialysis and chloroform extraction (2, 20, 18). 
After the acidic and phenolic fractions had been removed (18) and the chloro- 
form evaporated, the constituents of the residue were separated by paper 
chromatography. The first chromatogram, developed for 45 hr. in the 
toluene — propylene glycol system of Zaffaroni (3, 21), was run beside 10 gamma 
standards of cortisone and hydrocortisone; the overflow chromatogram, 
developed for six hours in benzene-formamide (3, 21), was run beside a 10 
gamma standard of corticosterone. Ultraviolet contact prints (18) were 
made from the chromatograms and each zone was designated by a letter and 
number referring to its position as compared with that of the nearest reference 
standard. The ultraviolet absorbing zones were analyzed as described pre- 
viously (3, 10, 17, 18, 19) and the absorption spectra curves were prepared with 
a Beckman Model DK2 Recording Spectrophotometer. 


Isolation of 20a-Dihydrocorticosterone and Corticosterone from the Plasma of 
Normal and Corticotropin Treated Mice 

In each experiment 200 adult male Swiss mice were given three subcutaneous 
injections of 2.0 International Units of corticotropin.?, The first dose was 
administered in the morning, the second in the evening of the same day, 
and the third the following morning (11). Two hours later the mice were 
anesthetized and bled by cardiac puncture. Approximately 150 ml. of blood 
were collected in 70 ml. of dextrose sodium citrate solution*® and, from this 
mixture, a measured sample was withdrawn for cell volume determinations. 
The remainder was chilled and centrifuged in the cold at 2000 r.p.m. for 40 
min.; the plasma fraction was stored in the freezer. Normal plasma specimens 
were prepared from 200 untreated adult male Swiss mice. 

In each of five experiments the chromatograms of the normal plasma 
samples revealed two small U.V. absorbing zones. As illustrated in Fig. 1, 
one was more polar than hydrocortisone and appeared at approximately the 

*Duracton (Corticotropin—carboxy methyl gon derived from pork anterior pituitary, 


supplied by Nordic Biochemicals Ltd., Montreal, Ci 
*Dex-trate— Formula No. 1, Baxter Laboratories of Canada Lid., Acton, Ontario. 





PLATE I 





1S Fic. 1. U.V. contact photographs of chromatograms showing the neutral unconjugated 
plasma CA‘-3-keto adrenal steroid fraction. The F 0.6 zone contained 20a-dihydro- 
corticosterone, and the B 1.0 zone corticosterone. The B 0.6 zone was not characterized, 


Southcott ef al.—Can. J. Biochem. Physiol. Vol. 34 
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Fic. 2. U.V. contact photographs of chromatograms derived from seven mouse 
livers 15 min. after an intravenous injection of 160 gamma of corticosterone per mouse. 
The F 0.6 zone contained 20a-dihydrocorticosterone and the B 1.0 zone corticosterone. 

Fic. 3. U.V. contact photographs of chromatograms derived from the reaction 
mixture after reduction of corticosterone with sodium borohydride. The F 0.6 zone 
contained 20a-dihydrocorticosterone, the F 0.9 zone 208-dihydrocorticosterone, and 
the B 1.0 zone recovered corticosterone. 
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F 0.6 position while the other occupied the B 1.0 position. The plasma 
samples from the corticotropin treated animals yielded more intense zones at 
F 0.6 and B 1.0 and, in addition, a third but much smaller zone at the B 0.6 
position. The yields of this compound at B 0.6 have been variable and too 
small to permit its identification. The substances at F 0.6 and B 1.0 were 
identified as 20a-dihydrocorticosterone and corticosterone respectively. 


Isolation of 20a-Dihydrocorticosterone and Corticosterone from the Livers of 
Corticosterone Treated Mice 

Groups of 20 mice were injected intravenously with 0.2 ml. of physiological 
saline containing 5% ethanol and 800 gamma of corticosterone per ml. Fifteen 
minutes after treatment the animals were anesthetized and bled by cardiac 
puncture; the livers were removed, homogenized for two minutes in a Waring 
Blendor containing 75 ml. of acetone, and then centrifuged. After the precipi- 
tate had been extracted further by homogenizing with 2 X 25 ml. of acetone, 
the combined supernatants were evaporated to dryness in vacuo at 40° C. 
Methanol (50 ml.) was added and, when most of the residue had dissolved, the 
solution was mixed with equal volumes of saline and water and processed as 
before. The chromatograms are illustrated in Fig. 2 and show ultraviolet 
absorbing zones at F 0.6 and B 1.0. These compounds proved to be 
20a-dihydrocorticosterone and corticosterone, respectively. Control runs 
were made on two lots of 20 normal mouse livers; to one of these 4.7 mgm. of 
corticosterone was added during homogenization in acetone. The normal 
livers yielded no U.V. absorbing zones; the livers supplemented ‘with corti- 
costerone revealed only this steroid at position B 1.0. 


Preparation of 20a- and 208-Dihydrocorticosterone from Corticosterone 

Norymberski and Woods (12) have employed sodium borohydride for the 
preferential reduction of the C-20 ketone group of cortisone and hydrocortisone 
acetates. Sarett (personal communication) has also used this reaction for the 
preparation of 208-dihydrocorticosterone from corticosterone acetate. In the 
following procedure, sodium borohydride reduces corticosterone free alcohol 
to both the 20a- and 208-stereoisomers of 20-dihydrocorticosterone. The 
reaction was terminated while some corticosterone remained. 

A chilled solution of methanol (1.8 ml.) containing 15 mgm. of corticosterone 
and 0.8 mgm. of sodium borohydride was mixed for two hours at 0° C. After 
the addition of 2.7 ml. of water and one drop of acetic acid, the solution was 
extracted with 3 X 10 ml. chloroform. The combined extracts were washed 
with 2 X 5 ml. water, dried over sodium sulphate, and evaporated in vacuo 
at 40°C. Aliquots of a methanol solution of the dry residue, containing 
approximately 150 gamma of steroid (U.V. method), were chromatographed in 
toluene — propylene glycol for five days and the overflow in benzene-formamide 
for six hours. The chromatograms, illustrated in Fig. 3, reveal the only three 
possible U.V. absorbing compounds permitted by the conditions of the reaction. 


These are corticosterone, 208-dihydrocorticosterone, and 20a-dihydrocorti- 
costerone. 
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B 1.0 Zone (Corticosterone).—Based on quantitative U.V. and B.T. determina- 
tions, mixed chromatograms, and sulphuric acid absorption spectra, the 
compound at position B 1.0 proved to be recovered corticosterone. (Yield— 
14.0%.) 

F 0.9 Zone (20B-Dihydrocorticosterone).—A mixed chromatogram of the 
compound at F 0.9 and authentic 208-dihydrocorticosterone did not separate 
after five days in toluene — propylene glycol. Ethanol solutions of each 
showed absorption maxima at 242 my and did not reduce blue tetrazolium. 
After two hours in sulphuric acid both exhibited absorption maxima at 285 
and 380 my. The products of mild acetylation descended close to the solvent 
front in benzene-formamide without separating. Therefore, the F 0.9 zone 
consisted of 208-dihydrocorticosterone. (Yield—70.0%.) 

F 0.6 Zone (20a-Dihydrocorticosterone).—After five days in toluene—propyl- 
ene glycol the compound at F 0.6 separated from authentic 208-dihydrocorti- 
costerone. In ethanol it exhibited an absorption maximum at 242 my and did 
not reduce blue tetrazolium. Theabsorption curve after two hours in sulphuric 
acid showed maxima at 285 and 380 my. The product of mild acetylation 
travelled close to the solvent front in benzene-formamide and descended at 
approximately the same rate as the diacetate of the B-isomer. Therefore, the 
compound at F 0.6 proved to be 20a@-dihydrocorticosterone. (Yield—6.1%.) 


Identification of Compounds at the F 0.6 and B 1.0 Zones Derived from the 
Plasma of Corticotropin Treated Mice and the Livers of Corticosterone Treated 
Mice 


F 0.6 Zone (20a-Dihydrocorticosterone).—The compounds at F 0.6, isolated 
from the plasma of corticotropin treated mice and from the livers of corticos- 
terone treated mice, proved to be identical with 20a-dihydrocorticosterone 
prepared by the chemical reduction of corticosterone. Mixed chromatograms 
did not separate after five days in toluene—propylene glycol. Each, however, 
separated from authentic samples of 208-dihydrocorticosterone. Ethanol 
eluates of the three compounds at F 0.6 exhibited a maximum absorption 
at 242 my and did not reduce blue tetrazolium. They showed the same 
absorption curves in sulphuric acid after two hours with maxima at 285 and 
380 mu. After mild acetylation each afforded a compound which travelled 
close to the solvent front in benzene-formamide at about 9 cm./hr. 


B 1.0 Zone (Corticosterone).—An ethanol eluate of a B 1.0 zone isolated 
from the plasma of corticotropin treated mice showed a U.V. absorption 
spectrum with a maximum at 242 my and gave a positive B.T. reaction. 
The spectrum of the Porter—Silber reaction mixture exhibited no maximum 
in the 410 my region (17, 18). The ratio of values determined by the 
quantitative U.V. and quantitative B.T. methods, calculated as corticosterone, 
was 1 : 1.06 (18). The absorption spectrum of the unknown compound in 
sulphuric acid showed maxima at 288, 328, 373, and 454 my and was identical 
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with that of authentic corticosterone. A chromatogram of a mixture of the 
unknown and corticosterone, developed for six hours in benzene-formamide, 
showed a single U.V. absorbing zone. After mild acetylation and chromato- 
graphy for three hours in benzene-formamide both the unknown acetate and 
corticosterone acetate descended 17 cm. from the starting line. The absorption 
spectrum of each of these zones exhibited a maximum at 242 my. These data 
indicated the configuration of the steroid in the B 1.0 zone to be that of 
corticosterone. 

By similar procedures the compound at the B 1.0 zone isolated from the 
livers of corticosterone treated mice was shown to have the configuration of 
corticosterone. 


Discussion 


These experiments have identified corticosterone and 20a-dihydrocorti- 
costerone as components of mouse plasma after adrenal stimulation with 
corticotropin. Compounds of similar polarity were also isolated on chromato- 
grams prepared from the plasma of untreated mice. Although the amounts 
of these were too small for extensive chemical study, their positions on the 
chromatograms, their absorption maxima at 242 my in ethanol, and their 
behavior towards blue tetrazolium suggested they were identical with the 
compounds derived after corticotropin treatment. The quantitative U.V. 
analysis of these compounds indicated approximately a threefold increase in 
the plasma levels of both steroids after the animals had been treated with 
corticotropin by the procedure described. Moreover, both before and after 
the administration of corticotropin, the plasma concentration of corticosterone 
appeared to be approximately double that of its 20a@-dihydro derivative. 
For example, in a quantitative study the normal plasma levels of 20a-dihydro- 
corticosterone and corticosterone were 5.9 and 10.2 gamma per cent 
respectively, increasing after treatment to 17.0 and 36.9 gamma per cent. 
Other unpublished data showed that 15 min. after an intravenous injection of 
corticosterone, the plasma as well as the liver contained substantial amounts 
of 20a-dihydrocorticosterone. Therefore, it has been clearly established that 
at least some of the naturally occurring plasma 20a@-dihydrocorticosterone 
represents a tissue metabolite of corticosterone. 
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EFFECT OF ASCORBIC ACID ON THE PHOSPHORUS 
METABOLISM OF THE ADRENAL GLAND! 


By Doris NICHOLLS? 


Abstract 


Brief exposure of rats to a cold environment increased the incorporation of 
inorganic P® into the inorganic P, 20-min. hydrolyzable P, and total acid-soluble 
P of the adrenal gland. This increase was abolished by the administration of 
sodium ascorbate. Similar quantities of sodium succinate were without effect. 
The effect of ascorbate was largely due to the fact that it increased the phosphorus 
metabolism of the adrenals of rats maintained at room temperature. ACTH 
increased the incorporation of P® into the acid-soluble P fractions of the adrenal 
of hypophysectomized rats. This effect of ACTH was greatly increased by 
sodium ascorbate. These results confirm the suggestion of Dugal that sodium 
ascorbate may potentiate the effect of ACTH. 


Introduction 


Ascorbic acid is beneficial in several conditions known to be harmful to ani- 
mals (2, 3, 5, 6, 8, 14, 18, 27, 29) and is present in increased amounts in certain 
tissues after exposure to a cold environment (9, 15). Dugal and his co-workers 
reported that a number of the changes that occurred in rats exposed to cold 
were prevented when the animals were treated with ascorbic acid (10, 28). 
For example, the administration of ascorbic acid prevented the increase in 
adrenal weight associated with cold exposure. However, ascorbic acid caused 
an increase in the rate of fall of the concentration of cholesterol in the gland 
(10, 28). Eisenstein and Boniface (12) confirmed the adrenal weight effect 
but not the cholesterol effect. If a decrease in the concentration of cholesterol 
can be considered an index of adrenal cortical activity, as is believed widely, 
Dugal's report suggests that the effect of ascorbic acid is to increase the activity 
of the adrenal cortex during cold stress. 

Dugal and his co-workers reported that in hypophysectomized rats the 
administration of ascorbic acid increased the effect of ACTH on adrenal weight 
(7, 11), staining properties (4), and succinic dehydrogenase activity (7). 
In the absence of administered ACTH, Knobil and Fregly (17) reported that 
ascorbic acid did not affect the adrenal atrophy or cholesterol concentration in 
hypophysectomized rats, but Khalil (16) reported a beneficial effect on adrenal 
weight. 

Work in this laboratory has shown that the phosphorus metabolism of the 
adrenal gland may be used as an index of adrenal cortical activity, since either 
the administration of ACTH to hypophysectomized rats, or the exposure of 
normal rats to cold, causes an increase in the rate at which inorganic phosphate 
labelled with radioactive phosphorus (P*) enters the cellular portion of the 
gland (22, 23, 25) and is incorporated into adrenal phospholipids and RNA 
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nucleotides (19, 21, 26). It was of interest, therefore, to study the effect of 
the administration of ascorbic acid on the adrenal phosphorus metabolism of 


both normal animals exposed to cold and hypophysectomized animals treated 
with ACTH. 


Methods 


Two hours after the intraperitoneal injection of 200 wc. P® as inorganic 
phosphate, observations were made on the specific activity of the following 
P-containing fractions: the inorganic P of the plasma, the inorganic P, 20-min. 
hydrolyzable P (consisting mainly of the labile P of ATP), and total acid- 
soluble P of the adrenal. The specific activity (c.p.m./ugm. P) of each of the 
adrenal fractions was expressed as a percentage of that of the inorganic P of 
the plasma (relative specific activity). Details of the analytical procedure 
have been described elsewhere (22). 

The animals were young male rats of the Sprague-Dawley strain. They 
were allowed food (Master Fox Cubes, Toronto Elevators, Ltd.) and water 
up to the time of killing. 


Sodium Ascorbate Treatment and Cold 

In experiments designed to study the effects of short periods of cold stress, 
sodium ascorbate was administered intraperitoneally in two doses, one 15 hr. 
before and one three hours before killing. The experimental rats were placed 
in the cold room (3+1° C.) for the final three hours before killing and the 
control rats were maintained at room temperature (22+1° C.). Each dose 
contained 150 mgm. sodium ascorbate per 100 gm. body weight. Similarly, 
sodium succinate was administered to two groups of rats, one of which was 
exposed to the cold and one of which was maintained at room temperature, in 
doses containing the same amount of sodium that was given to the animals 
receiving the sodium ascorbate (28). Other animals that received no treat- 
ment were either exposed to the cold or maintained at room temperature. 

Schedule 

Hour 0.—Treated rats received first dose of sodium succinate or ascorbate. 
Other rats remained untreated. 

Hour 12.—Treated rats received second dose of sodium succinate or as- 
corbate. Test rats transferred to the cold room. Control rats maintained at 
room temperature. 

Hour 13.—All rats injected with inorganic P®. 

Hour 15.—Blood sample and adrenals removed under nembutal anesthesia. 


Sodium Ascorbate Treatment and Ilypophysectomy 
Hypophysectomized rats obtained from the Hormone Assay Laboratories, 
Inc., Chicago, were studied three days after operation. As for normal rats, 
food (bread and oranges) and water were provided throughout the experiment. 
Sodium ascorbate was administered in the same manner as described above. 
ACTH, supplied by the Connaught Medical Research Laboratories, 
Toronto, was suspended in isotonic saline so that the quantity to be injected 
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per 100 gm. body weight was contained in 0.20 ml. This ACTH preparation 
had been standardized in terms of the international standard. Previous studies 
(25) had established that 4 I.U. per 100 gm. body weight of this ACTH 
preparation was ineffective in altering the P® incorporation into the adrenal 
when administered intraperitoneally six hours before sacrifice, i.e. four hours 
before the P® injection. However, in preliminary experiments it was found 
that the same quantity of this ACTH preparation was effective when injected 
intraperitoneally four hours before sacrifice, i.e. two hours before the P* 
injection. In the present experiments, hypophysectomized rats received 
various amounts of ACTH (4.0, 1.3, 0.4, or 0.04 I.U. per 100 gm.) four hours 
before killing. In other experiments, either saline or ACTH (1.3 or 0.4 I.U. 
per 100 gm.) was given to hypophysectomized rats that were either not treated 
or treated with sodium ascorbate according to the following schedule. 


Schedule 

Hour 0.—Treated rats received first dose of sodium ascorbate. Other rats 
remained untreated. 

Hour 11.—Rats treated with sodium ascorbate and those receiving no 
treatment were injected with saline or ACTH. 

Hour 12.—Treated rats received second dose of sodium ascorbate. 

Hour 13.—All rats injected with inorganic P*®. 

Hour 15.—Blood samples and adrenals removed under nembutal anesthesia. 


Results 


Sodium Ascorbate Treatment and Cold 


Table I shows the relative specific activities of the adrenal fractions of 
untreated animals and animals treated with sodium ascorbate or sodium 
succinate. Results are given for control animals kept at room temperature 
and for experimental animals exposed to the cold for three hours. 


In the untreated animals the relative specific activities of the adrenal frac- 
tions were significantly higher in the cold-exposed animals, in confirmation of 
previous findings (22). Similarly, the relative specific activities of the adrenal 
fractions of animals treated with sodium succinate were significantly increased 
after three hours in the cold. On the other hand, the relative specific activities 
of the adrenal fractions of animals treated with sodium ascorbate showed no 
significant change resulting from exposure to cold. 


For control rats maintained at room temperature, the mean relative specific 
activities of the three acid-soluble fractions of the adrenal of animals receiving 
ascorbate were significantly greater than the corresponding values for the 
untreated animals. On the other hand, in rats exposed to the cold for three 
hours, the mean relative specific activities of the adrenal fractions of the 
ascorbate-treated rats were less than the corresponding values for the untreated 
animals. This decrease was significant at the 5°% level in the case of the total 
acid-soluble P fraction and at the 10% level in the inorganic P and 20-min. 
hydrolyzable P fractions. 








922 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


TABLE I 


EFFECT OF SODIUM ASCORBATE OR SODIUM SUCCINATE 
ON ADRENAL P® INCORPORATION 


(Mean relative specific activity + S. E. mean; figures in parentheses give number 
of animals; P! for cold versus room temperature; P? for sodium 
ascorbate versus no treatment) 

















Sodium No Sodium 
succinate treatment ascorbate P? 
Inorganic P 
Koom temp. 67.7+2.5 66.343.1 84.4+2.6 <0.001 
(24) (28) (23) 
Cold 93.6+3.0 100+3.5 91.2+3.6 0.1-0.05 
(25) (29) (24) 
P! <0.001 <0.001 >0.1 
20-min. hydrolyzable P 
Room temp. 42.73+3.2 31.1+0.4 48.7+2.7 <0.001 
(22) (24) (23) 
Cold 54.6+2.5 58.3+2.2 Sr.222.0 0.1-0.05 
(25) (26) (24) 
Pp! <0.05 <0.001 >0.3 
Total acid-soluble P 
Room temp. 33.4+1.4 29,.541.4 43:92:72.3 <0.001 
(24) (27) (23) 
Cold 47.3+2.0 51.942 .6 44.6+1.8 <0.05 
(25) (27) (24) 
FP! <0.001 <0.001 >0.8 
TABLE II 


Errect oF ACTH ON ADRENAL P® INCORPORATION. HYPOPHYSECTOMIZED RATS 


(Mean relative specific activity + S.E. mean; figures in parentheses give 
number of animals; P for ACTH versus saline controls) 











Total 
acid-soluble 
Inorganic P a P a 
Saline 39.94+1.7 ai me 
9) 
I.U. ACTH per 100 gm. 
0.04 st.Ot1 2 0.2-0.1 17.1+0.9 >0.9 
(10) (10) 
0.4 44.6+1.8 0.1-0.05 20.8+1.1 <0.05 
(10) (10) 
1.3 49.4+4.7 0.2-0.1 22.3+1.6 <0.05 
(10) (10) 
4.0 61.6+4.4 <0.001 30.621.8 <0.001 
(8) (8) 





Sodium Ascorbate Treatment and Hypophysectomy 

Table II shows the effect of various amounts of ACTH on the incorporation 
of P® into the acid-soluble P fractions of the adrenal of hypophysectomized 
rats. In the hypophysectomized animals receiving only saline the values for 
the specific activities of the adrenal fractions relative to that of the inorganic 
P of the plasma were lower than the corresponding values reported for normal 
animals in Table I. This effect was noted previously (23, 25). 
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The relative specific activities of the adrenal acid-soluble P fractions in rats 
receiving 0.04 I.U. ACTH per 100 gm. were not significantly different from 
those of the control hypophysectomized rats receiving saline instead of ACTH. 
There were, however, increases in the mean relative specific activities of the 
adrenal fractions of rats receiving 0.4 1.U. ACTH per 100 gm. The increase 
was significant at the 5% level for the total acid-soluble P and at the 10% 
level for the inorganic P. Similarly, increases were found in rats receiving 
1.3 1.U. ACTH per 100 gm. In animals receiving 4.0 1.U. ACTH per 100 gm. 
the increases in the relative specific activities of the inorganic P and the total 
acid-soluble P were highly significant. 

The quantitative nature of the response in adrenal P metabolism to injected 
ACTH suggested experiments to study the effects of sodium ascorbate on 
hypophysectomized rats receiving different amounts of ACTH. Table III 
shows the effect of sodium ascorbate on the incorporation of P® into the acid- 
soluble P fractions of the adrenal of hypophysectomized rats receiving either 
saline, 0.4 1.U. ACTH per 100 gm., or 1.3 I.U. ACTH per 100 gm. The 
increases due to sodium ascorbate in hypophysectomized rats receiving saline 
were small but significant (17-30%), whereas in rats receiving 0.4 I.U. ACTH 
per 100 gm., the increases were large (80-100%). The relative specific 
activities of the adrenal fractions of hypophysectomized rats receiving 1.3 
I.U. ACTH per 100 gm. were also increased by sodium ascorbate treatment, 
but the mean increases were considerably smaller (27-35%) than those observed 
in rats receiving 0.4 I1.U. ACTH per 100 gm. 

As found previously for hypophysectomized rats not receiving sodium 
ascorbate (Table II), 0.4 1.U. ACTH per 100 gm. caused small increases in the 
relative specific activities of the adrenal fractions (18-38%). When the rats 
were treated with sodium ascorbate, however, the increases were very large 
(81-102%) and highly significant. 

In the hypophysectomized rats receiving 1.3 I.U. ACTH per 100 gm., the 
relative specific activities of the adrenal fractions were significantly greater 
than the values found for the animals receiving only 0.4 1.U. ACTH per 100 
gm. (37-56%). These increases were abolished in the rats receiving sodium 
ascorbate. 


Discussion 


The results show that the increased incorporation of inorganic P® into the 
adrenal gland brought about by exposing rats to the cold for three hours is 
abolished by treatment with sodium ascorbate. However, such an effect is 
due chiefly to an increase in the level of incorporation in ascorbate-treated 
animals maintained at room temperature, together with a small reduction in 
the incorporation normally observed in animals exposed to the cold. The 
effect of sodium ascorbate in animals maintained at normal room temperature 
is similar to its effect in hypophysectomized rats receiving ACTH. The 
mechanism of action also may be similar. The fact that the incorporation of 
P® into the acid-soluble P fractions of the adrenal of hypophysectomized 
rats increases with the dose of ACTH indicates that the phosphorus metabolism 
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of the adrenal gland is related to the cortex of the gland rather than to the 
medulla. The incorporation of P® into the acid-soluble P of the adrenal of 
hypophysectomized rats has been suggested as a method of assay for ACTH 
(13, 24). However, the variable time at which the maximum effect may occur 
with different preparations of ACTH precludes this method as a useful assay 
procedure when the ACTH is given by intraperitoneal injection. 

The results reported here, together with other data published from this 
laboratory, indicate that the activation of the adrenal gland by exogenous or 
endogenous ACTH is accompanied by a characteristic series of changes in the 
phosphorus metabolism (19, 21, 22, 23, 25, 26). These probably indicate 
a change in the over-all metabolism of the gland. The primary site of the 
action of ACTH on adrenal metabolism is still unknown. 

Sodium ascorbate, when given to hypophysectomized rats with small amounts 
of ACTH, increases the incorporation of P® into the acid-soluble P compounds 
of the adrenal gland to levels greater than those observed with the ACTH 
alone. These results confirm the findings of Dugal and his colleagues (4, 7, 11), 
who reported that sodium ascorbate potentiated the effect of ACTH on the 
adrenal gland of hypophysectomized rats. 

The small increase in adrenal P® incorporation observed when sodium 
ascorbate was given to hypophysectomized rats receiving only saline might 
be explained in two ways: (1) sodium ascorbate has a direct, but small, effect 
on adrenal P® incorporation in the absence of ACTH or (2) sodium ascorbate 
produces its effect on adrenal P® incorporation by potentiating the minute 
quantities of ACTH that still may be present three days after hypophysectomy. 

By comparing the results for the two different quantities of ACTH, it is 
evident that the potentiation of ACTH by sodium ascorbate is greater for the 
smaller quantity of ACTH than it is for the larger quantity. The fact that 
there is a synergistic action between ascorbic acid and ACTH on the meta- 
bolism of the adrenal gland, the target organ for ACTH, confirms the sugges- 
tion of Dugal that the effect is on the pituitary—adrenal system. That the 
potentiating effect of ascorbic acid ison ACTH itself is suggested by the finding 
of Milkovic (20) that certain extra-adrenal effects of ACTH are increased by 
the administration of ascorbic acid. Presumably the effect of ascorbic acid 
on the pituitary—adrenal system is distinct from the reported effect on the 
adrenal cortical hormones (1, 2). 
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THE METABOLISM OF THE ERYTHROCYTE 


XIV. METABOLISM OF NUCLEOSIDES BY THE ERYTHROCYTE! 


By DaAvip RUBINSTEIN AND ORVILLE F. DENSTEDT 


Abstract 


Adenosine, added to blood, undergoes deamination in the red cells with the 
formation of inosine. The latter undergoes phosphorolysis to yield hypoxanthine 
and presumably ribose-1-phosphate. The pentose phosphate is metabolized to 
lactate yielding ATP in the process. The adenosine deaminase and the purine 
riboside phosphorylase of the red cell occur in the stroma-free hemolyzate. No 
adenine is formed from adenosine in the blood, nor is adenine metabolized by the 
erythrocyte. Xanthosine, guanosine, and inosine, added to blood, follow the 
same metabolic pathway as adenosine and their metabolism brings about a 
comparable degree of resynthesis of ATP and other organic phosphate esters and 
formation of lactate. The experimental evidence indicates that the phosphoro- 
lysis of the nucleoside is not the rate-limiting reaction in the metabolism of these 
compounds in the red blood cell. 


Dische (3), in 1951, observed that adenosine, added to hemolyzates, is 
broken down yielding fructose phosphate and sedoheptulose (4) among the 
products of the reaction. Later, Gabrio and Finch (9) observed that the 
addition of adenosine to blood induces an esterification of inorganic phosphate 
in the red cells with the formation of ATP and various organic esters of the 
glycolytic system. With the aid of paper ionophoresis, Rubinstein et a/. (21) 
have shown that adenosine first undergoes deamination to inosine, and that 
the latter is split, presumably by phosphorolysis, yielding hypoxanthine and 
ribose-1-phosphate. Gabrio and Huennekens (12) have demonstrated the 
presence of a purine riboside phosphorylase in blood. Rubinstein ef al. (21) 
have shown that blood, preserved with adenosine, produces lactate in amounts 
that cannot entirely be accounted for by the amount of glucose utilized. The 
present communication presents evidence for the conversion of adenosine to 
hypoxanthine and lactate. 


Methods 


Human blood was preserved in the acidified citrate dextrose (ACD) medium, 
with or without added nucleosides, at 4° C. for periods up to 20 days. Samples 
were withdrawn aseptically from time to time for the experiments. Hemoly- 
zates, when required, were prepared by hemolyzing washed and packed red 
cells with four volumes of distilled water. 

The purine derivatives, formed during the metabolism of the nucleosides, 
were separated with the aid of paper ionophoresis as previously described (21). 
The positions of the bands on the paper strips were located with the aid of 
ultraviolet light (240 my) and the strips were cut at the appropriate places. 
The material then was eluted by immersion of the cuttings in 0.1 N HCI for 

1Manuscript received April 19, 1956. 

Contribution from the Department of Biochemistry, McGill University, Montreal, Quebec. 


This work was supported by the Defence Research Board of Canada, Grant number 9350-01, 
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18 hr. The concentration of adenosine was estimated by the optical density 
at 265 my and that of inosine and hypoxanthine, at 248 my. The molar 
extinction coefficients were found to be 1.57 X 10* for adenosine, 1.25 X 10! 
for inosine, and 1.0 X 10‘ for hypoxanthine. 

The adenosine deaminase activity was estimated by following the decrease 
in the absorption at 265 muy, and that of inosine phosphorylase was assayed by 
the method of Kalckar (15). In the latter procedure the hypoxanthine formed 
is oxidized to uric acid by means of xanthine oxidase, thus causing an increase 
in the absorption at 292 my. The xanthine oxidase was prepared by the 
method of Horecker and Heppel (14). The fraction isolated by precipitation 
with ammonium sulphate was used in most of the experiments. 

Phosphate was determined by the method of Fiske and Subbarow (7), 
lactate by the procedure of Barker and Summerson (1), and ribose by the 
orcinol method of Mejbaum (17). 


Experimental 


The metabolism of adenosine in the blood was studied quantitatively with 
the aid of paper ionophoresis. Adenosine was added to two samples of whole 
blood collected in ACD to give a final concentration of 400 mgm. per 100 ml. 
One of the specimens was incubated at 37° for nine hours, and the other at 
4° for 45 hr. Periodically samples were withdrawn and analyzed for adenosine 
and its derivatives. The results are illustrated in Fig. 1. 

It is evident that adenosine underwent complete deamination within two 
hours at 37°, while in the sample kept at 4° a small quantity of the nucleoside 
still remained at the end of 45 hr. In both samples the formation of inosine 
proceeded concurrently with the disappearance of adenosine. The inosine, in 
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Fic. 1. The influence of temperature on the formation of inosine and hypoxanthine 
from adenosine in human blood. 


A. Adenosine. B. Inosine. C. Hypoxanthine. 
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turn, underwent phosphorolysis with the liberation of hypoxanthine. As the 
rate of the initial deamination reaction was somewhat faster than the rate of 
the phosphorolysis, there was a noticeable tendency for inosine to accumulate 
temporarily in the specimen stored at 37°. By the end of the experimental 
period, however, all the inosine had been converted to hypoxanthine. In the 
sample at 4° the same transformations occurred, though more slowly, only a 
small amount of hypoxanthine having been formed during the period. At no 
time was there any evidence of the formation of adenine. 

To ascertain the relative activity of the red cells and the plasma in effecting 
the deamination of adenosine and the phosphorolysis of inosine, whole blood 
and plasma specimens containing adenosine or adenine were incubated at 37°. 
Samples were withdrawn at 10-min. intervals, deproteinized with 2% 
perchloric acid, and the optical density at 265 my determined. The results 
are illustrated in Fig. 2. 

The deamination of adenosine in the whole blood specimens was complete 
within 20 min., whereas with plasma no change in optical density was evident 
during the first 40 min. Thereafter, a slight decrease in the absorption at 
265 mp was detectable. This decrease was consistently observed, but its 
significance is not yet understood. It is evident, therefore, that the plasma 
plays little or no role in the deamination of adenosine in blood. 
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Fic. 2. Influence of human whole blood and of plasma on the deamination of adenine 
and adenosine at 37° C. as indicated by the change in the optical density of the plasma 
at 265 mu. Estimations were done on the protein-free filtrates. 

A. Adenine added to whole blood. C. Adenosine added to whole blood. 

B. Adenosine added to plasma. 


_ Fic. 3. Influence of whole hemolyzate and plasma from human blood on the deamina- 
tion of adenine and adenosine at 37° C. as indicated by the change in the optical density 
of the medium at 265 mu. 

A. Adenine added to SFH (0.01 ml.). B. Adenine added to plasma (0.1 ml.). 

C. Adenosine added to SFH (0.01 ml.). D. Adenosine added to plasma (0.1 ml.). 

CONTENTS OF CUVETTES: 0.06 M glycylglycine buffer, pH 7.5; 4 X 10-® M adenine or 
adenosine; 0.1 ml. plasma or 0.01 ml. SFH. Volume made up to 2.5 ml. with isotonic KCl. 
Temperature 25° C. 
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It is apparent also that adenine does not undergo deamination in whole 
blood. It may be inferred, therefore, that adenine is not an intermediate 
product in the conversion of adenosine to inosine and hypoxanthine. 

The deamination of adenosine and adenine in blood preparations was 
followed directly in the spectrophotometer. Only a small quantity of adenine 
or adenosine was used in order that slight changes might be more readily 
detectable. The results are indicated in Fig. 3. 

Since adenine, added to the stroma-free hemolyzate (SFH), does not 
undergo deamination, it is evident that it would not yield hypoxanthine, even 
if it could enter the red cell. Adenosine, on the other hand, undergoes 
deamination both in the SFH and in plasma. Although the activity of the 
latter is only about 1/20th of that of the SFH it appears to be real since it 
was consistently observed and could not be attributed to the presence of a 
trace of hemolyzate in the plasma. 

The distribution of the purine riboside phosphorylase between the plasma 
and the SFH is indicated in Fig. 4. 
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Fic. 4. The activity of purine riboside phosphorylase in the plasma and whole 
hemolyzate from human blood. 








Materials added 








Curve preparation (0.01 ml.) Xanthine oxidase Inosine Hypoxanthine 
A Control a 
B SFH “p + 
Cc Plasma a a 
D SFH a 
E Plasma ao 
F SFH + 





CONTENTS OF CUVETTES: 0.025 M phosphate buffer, pH 7.4; 0.05 ml. xanthine oxidase 
preparation; 0.01 ml. SFH or 0.1 ml. plasma; 0.006 M inosine or hypoxanthine. Volume 
made up to 2.5 ml. with isotonic KCl. Temperature 25° C. 
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The rate of increase in the absorption at 292 my, due to production of uric 
acid in the course of the estimation, is much greater with hypoxanthine than 
with inosine, thus indicating that the phosphorolysis is the rate-limiting 
reaction under these conditions. The phosphorylase activity of the plasma is 
less than one per cent of that of the SFH. This activity can be attributed to 
the presence of a trace of hemolyzate in the plasma. 

The distribution of the deaminase and the phosphorylase between the SFH 
and the stroma fraction of the erythrocyte is indicated in Table I. 


TABLE I 


DISTRIBUTION OF ADENOSINE DEAMINASE AND PURINE RIBOSIDE PHOSPHORYLASE BETWEEN 
THE SFH AND THE STROMA OF THE HUMAN ERYTHROCYTE 














Adenosine deaminase Purine riboside phosphorylase 
Change in % of the Change in % of the 
optical original optical original 
Fraction density /hr. activity density/5 min. activity 
Whole hemolyzate 0.180 100 0.280 100 
SFH 0.170 95 0.350 120 
Stroma 0.015 8 0.030 11 





CONTENTS OF CUVETTES: Adenosine deaminase as in footnote to Fig. 3; phosphorylase as 
in footnote to Fig. 4 except that 0.005 ml. enzyme preparation was used. The stroma was washed 
six times with water, then made up to original volume of the blood sample. 


These enzymes occur almost entirely in the SFH. Whether the weak 
activity obtained with the stroma is attributable to a normally small content 
of enzymes or to a trace of SFH that escaped removal during the washing 
treatment has not been determined. It is practically impossible to remove 
completely the hemoglobin from human red cell stroma by repeated washing 
with water. 

Sandburg et al. (23) recently have reported that the stroma from human 
erythrocytes contains no purine nucleoside phosphorylase. We have 
observed consistently that the activity of this enzyme in the SFH is greater 
than that in the original whole hemolyzate. This discrepancy appears also 
with other enzymes that occur mainly in the SFH of the erythrocyte (22). 
The apparent inhibitory action of the stroma remains unexplained. 


The foregoing observations suggested that adenosine, added to blood, enters 
the erythrocytes and undergoes deamination inside the cell. To test this 
hypothesis a sample of blood, containing added adenosine, was maintained at 
37° for 120 min. At 20-min. intervals a sample was removed and divided into 
two portions. One was placed in the refrigerator while the other was centri- 
fuged in the cold and the plasma removed. Finally, the whole blood and the 
plasma specimens were deproteinized with trichloroacetic acid and the filtrates 
subjected to paper ionophoresis. The eluates from the bands on the paper 
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Fic. 5. Adenosine, inosine, and hypoxanthine in the plasma and the red cells of a 
specimen of human blood containing added adenosine. 


A. Inosine in the plasma. D. Hypoxanthine in the plasma. 
B. Inosine in the red cells. E. Adenosine in the red cells. 
C. Hypoxanthine in the red cells. F. Adenosine in the plasma. 


were then analyzed for adenosine and its derivatives. The concentration of 
the various metabolites in the cells and plasma was calculated from the 
analytical data and the hematocrit value, and the results plotted as shown 
in Fig. 5. 

It may be observed that the concentration of adenosine fell rapidly and 
equally in the cells and in the plasma, thus indicating that the adenosine readily 
entered the cells and underwent deamination. The rapidity of the deamina- 
tion reaction caused a transitory accumulation of inosine in the cells but the 
concentration soon fell as the nucleotide diffused into the plasma. The 
additional observation of the subsequent fall in the concentration of inosine 
in the plasma and the concurrent increase in hypoxanthine indicates that the 
inosine that had passed into the plasma must have re-entered the red cells 
and undergone phosphorolysis. By the end of the experimental period inosine 
had disappeared and the sum of the concentrations of hypoxanthine and 
inosine had become equivalent to the concentration of the adenosine originally 
added. The deaminase activity of the SFH was measured directly in the 
spectrophotometer by estimating the rate of disappearance of adenosine. 

The influence of pH on the activity of the enzyme is indicated in Fig. 6. 

Optimum activity of adenosine deaminase occurs within the pH range 
7.0-7.1. Above pH 7.1 the activity abruptly decreases. 

To test the influence of pH on the activity of purine riboside phosphorylase, 
washed red cells or the hemolyzates were incubated for two hours with inosine 
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Fic. 6. Influence of pH on the activity of the adenosine deaminase of human blood 
(red cells) as indicated by the change in the optical density of the plasma at 265 mu. 

CONTENTS OF CUVETTES: as specified in the footnote to Fig. 3 except that 0.02 ml. SFH 
and phosphate or glycylglycine buffer were used. Duration of experiment 30 min. 


Fic. 7. Influence of pH on the activity of the purine riboside phosphorylase of the 
red cells and the whole hemolyzate as reflected by the rate of utilization of added inosine 
(change in optical density of the medium at 248 my). 

A. Whole hemolyzate. B. Washed red cells. 


at various pH levels ranging from 5.0 to 10.0. Phosphate buffer was used 
in the lower range but was fortified with glycylglycine buffer at the pH levels 
above 7.6. The rate of disappearance of inosine and formation of hypo- 
xanthine was estimated after separation of the products by paper ionophoresis. 
This method affords an advantage over the direct spectrophotometric deter- 
mination of the phosphorylase activity in that it is applicable to the study of 
both the intact erythrocytes and the hemolyzate. Furthermore, it avoids the 
complication due to influence of pH on the xanthine oxidase which, in the 
direct method, is used to remove the hypoxanthine. 

The results illustrated in Fig. 7 indicate that the phosphorylase is most 
active within the pH range 6.8-7.8. With intact red cells a relatively sharp 
optimum occurs at pH 7. The observation that the activity was greater with 
the hemolyzates than with the intact cells may possibly be attributable to a 
suboptimal rate of diffusion of inosine into the cells or of hypoxanthine or 
ribose phosphate outward. 


Michaelis Constants 


The K,, values for the adenosine deaminase and the purine riboside 
phosphorylase were determined from a plot of the data according to the 
method of Hofstee (13). The K,, for the deaminase was found to be 6.0 X 10-5 
M; for the phosphorylase, with inosine as the variable substrate, 5.6 X 10~* M, 
and with phosphate as substrate, 1.4 X 10-* M. With arsenate instead of 
phosphate the K,, of the phosphorylase was 4.1 X 10-* M. It is evident 
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that both enzymes have a fairly strong affinity for their substrates. Arsenate 
can be used in place of phosphate as the substrate (12), but the enzyme has a 
greater affinity for phosphate. 

A comparison was made of the influence of adenosine, inosine, xanthosine, 
and guanosine on the metabolic activity of erythrocytes and hemolyzates, 
Each nucleoside was added to a preparation of washed cells and also of the 
hemolyzate, and the specimens were maintained at 37° for 90 min. The 
results of the experiments are indicated in Table II. 

All four nucleosides induced the re-esterification of inorganic phosphate, 
guanosine being the most effective and xanthosine the least both with the 
intact cells and the hemolyzates. Adenosine and inosine were equally 
effective in promoting the esterification of inorganic phosphate and the forma- 
tion of lactate. It is apparent that the lactate was derived from the ribose 
moiety of the nucleoside. When the orcinol reagent is used for the estimation 
of ribose, the intensity of the color obtained with adenosine is greater than 
expected from the quantity of ribose in the nucleoside. Consequently, 
erroneously high values for the ribose utilization may be obtained. The 
discrepancy does not occur with inosine nor with blood specimens containing 
adenosine, after a period of incubation (deamination). 

In specimens of human red cells containing added adenosine about half the 
quantity of nucleoside could be accounted for as hypoxanthine at the end of 
the 90-min. incubation period. With washed cell specimens only 10% of the 
adenosine remained at the end of the experiment, the remainder having been 
converted to inosine and hypoxanthine. Adenosine was completely broken 
down also in the hemolyzates. 


TABLE II 


METABOLIC UTILIZATION OF NUCLEOSIDES BY ERYTHROCYTES 








Change in concentration of metabolites 








Inorganic 
Blood preparation and phosphate, Lactate, Ribose, Purine, Final pH 
added nucleoside A uM./mi. A uM./mi. A uM./mli. A uM./mli. of sample 
Intact erythrocytes 
No nucleoside (control) -—0.2 +3.9 Nil Nil 7.45 
Adenosine —3.6 +7.0 —5.2 +5.2 7.65 
Inosine —3.6 +7.3 —2.2 +6.6 7.45 
Xanthosine —2.6 +6.0 —3.8 -* 7.25 
Guanosine —4.8 +6.3 —4.5 +7.1 7.45 
Whole hemolyzate 
No nucleoside (control) +0.1 +0.2 —0.1 Nil 7.20 
Adenosine —5.3 +1.5 —9.4t +7.9 7.25 
Inosine —4.8 +1.6 —3.2 +9.0 7.30 
Xanthosine —3.1 +1.2 —3.7 -* 7.00 
Guanosine —6.1 +1.9 —4.2 +10.3 7.30 





*It was not possible, with the method used, to separate xanthine from xanthosine. 

D  ipataia of these values doubtful owing to interference, by adenosine, with the estimation of 
ribose. 

CONTENTS OF TUBES: 5 ml. packed cells or hemolyzate (prepared by freezing and thawing the 
packed cells); 0.006 M phosphate buffer, pH 7.5; 0.04 M glycylglycine buffer, pH 7.5; 0.005 M 
MgCh; 0.012 M nucleoside. Volume made up to 10 ml. with isotonic KCl. Incubation time: 
90 min. Temperature: 37° C. 
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Guanosine and xanthosine, likewise, are metabolized in the erythrocyte to 
yield guanine and probably xanthine, respectively. It was not possible to 
separate and estimate xanthosine and xanthine accurately because of the low 
mobility of these substances on ionophoresis. There is no doubt, however, 
that xanthosine and guanosine undergo phosphorolysis since the ribose moiety 
is utilized with the production of lactate. Gabrio and Huennekens (11) have 
suggested that xanthosine is converted to guanosine before undergoing 
phosphorolysis. We have been unable to detect any guanine during 
ionophoresis of blood specimens that had been incubated with xanthosine. 
However, we were able to demonstrate the production of guanine after 
incubation of specimens containing added guanosine. We observed further 
that the yield of purine base was greater than the quantity of ribose 
metabolized, thus indicating that a portion of the sugar may have been present 
in the form of pentose phosphates, or possibly as free pentose. It is evident, 
therefore, that the phosphorolysis of the nucleoside is not the rate-limiting 
step in the metabolism of the nucleosides by the erythrocyte. 


Discussion 


The presence of an adenylic and adenosine deaminase in blood has been 
reported by Conway and Cooke (2) (1939) and others (24). But even earlier 
(1937) Drury et al. (5) observed that the characteristic pharmacological effects 
of adenosine (6) disappeared when the nucleoside was added to blood. More 
recently, Gabrio et al. (10) have measured the absorption of adenosine by 
erythrocytes by determining the decrease in the ultraviolet absorption at 
260 my in the plasma. Subsequently they observed that a maximum uptake 
of 65% of the adenosine occurred within one hour in samples maintained at 
37°. In specimens containing adenosine and stored at 4°, on the other hand, 
they observed that the synthesis of organic phosphate esters, induced by the 
nucleoside, continued for a week (8). The observed uptake of adenosine may, 
from our experience, be explained by the rapid deamination of the nucleoside 
since the intensity of the ultraviolet absorption of inosine at 260 my is only 
40% of that with adenosine. Furthermore, the continued synthesis of 
organic phosphate following the initial incubation of the specimen could be 
attributed to utilization of the ribose derived from inosine. 

We were unable to obtain evidence of any formation of adenine either as 
an end product or as an intermediate in the conversion of adenosine to 
hypoxanthine in incubated blood specimens. Furthermore, the sum of the 
amounts of adenosine, hypoxanthine, and inosine at the end of the incubation 
period was found to be within 7% of the total amount of the adenosine added 
at the start. Huennekens and Gabrio (11) recently prepared a purine 
nucleoside phosphorylase in purified form from blood and found it to be 
inactive towards adenosine. It seems unlikely, therefore, that free adenine 
is produced from adenosine in the erythrocyte. 

Our findings are contrary to those of Prankerd et a/. (18) who have reported 
that adenosine added to blood is converted to adenine. In their experiments 
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the nucleosides were separated with the aid of chromatography according to 
the method of Markham and Smith (16). The R, values for adenine and 
hypoxanthine with the solvent system used by Prankerd are almost identical, 
while the value for hypoxanthine is not reported. Considering the relatively 
low concentration of adenosine used and the rapidity with which deamina- 
tion occurs, it seems more likely, according to our experience, that inosine and 
hypoxanthine rather than adenosine and adenine would be present. 

Our observations indicate that the plasma contains no purine riboside 
phosphorylase and has only slight adenosine deaminase activity. The latter 
observation is in agreement with the findings of Schaedel and Schlenk (24). 

Both the deaminase and the phosphorylase were found to be confined to 
the SFH, the stroma fraction containing 10% or less of the total activity. 
A similar distribution has been reported for rat liver homogenate in which 
both these enzymes were found to be confined almost entirely to the 
supernatant fraction (25). Prankerd ef al. (20) have reported, to the contrary, 
that the phosphorylase occurs in the stroma. Gabrio and Huennekens (12) 
have observed that the stroma is not required for the metabolism of adenosine. 

Our evidence indicates that adenosine is metabolized in the cells. The 
concentration of the nucleoside and hypoxanthine in the cells is relatively high 
thus indicating that these are taken into the cell rather than being merely 
adsorbed on the exterior surface of the membrane. Furthermore, we have 

‘ observed that phosphorolysis occurs more extensively in the hemolyzate than 
in the intact cells (vide Fig. 7 and Table II). This is consistent with the 
observation that the deaminase and phosphorylase occur largely in the SFH. 

We have confirmed the finding of Gabrio and Huennekens (12) that 
adenosine, xanthosine, inosine, and guanosine initiate the esterification of 
inorganic phosphate in the red blood cell. We have shown furthermore that 
all these nucleosides give rise to the production of lactate in excess of that 
found in the control specimens. It is clear, therefore, that ribose is utilized 
concurrently with the liberation of purine, thus confirming the suggestion 
made by several authors (21, 12, 19) that nucleosides undergo phosphorolysis 
with subsequent metabolism of the ribose moiety to lactate. Thus, added 
adenosine stimulates the formation of ATP by supplying ribose as a substrate 
for energy metabolism rather than by providing a receptor for phosphate 
groups. 
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BLOOD GLOBULINS REDUCING THE ANTICOAGULANT 
ACTIVITY OF HEPARIN! 


By Demetrios C. TRIANTAPHYLLOPOULOS 


Abstract 


The effect of serum and plasma pseudoglobulins on the prolonged thrombin 
and prothrombin time of heparinized plasma was studied. It was found that 
pseudoglobulins are able to shorten thrombin time and to a lesser degree pro- 
thrombin time. Experiments suggest that the following mechanism is involved: 
Pseudoglobulins replace heparin cofactor from heparin — heparin cofactor 
complex and, because the new complex acts as a weak antithrombin, the 
pseudoglobulins seem to possess antiheparin activity. Since euglobulins too 
have a weak antiheparin effect, no specificity can be ascribed to this phenomenon. 
Serum pseudoglobulins shorten also the prolonged thrombin time of incubated 
plasma, but not the prolonged prothrombin time. Plasma pseudoglobulins, 
however, because of their content in labile factor shorten both thrombin and 
prothrombin time. 


Introduction 


Ratnoff (11) has observed that the plasma fraction obtained between 33 
and 60°% saturation with ammonium sulphate shortens the prolonged thrombin 
time of aged plasma. On the other hand it was found that the prolongation 
of thrombin time which occurs after incubation or aeration of plasma is due 
to an antithrombin activity having some common characteristics with 
heparin (13). 

The present study was undertaken to find out if the globulin fraction used 
by Ratnoff contained any antiheparin activity. It was assumed that the 
prolongation of the thrombin time of stored plasma is due to an antithrombin 
similar or identical to the one responsible for the antithrombin activity of 
incubated plasma. 


Experimental 


1. The globulin fractions studied were obtained from human serum or 
plasma supplied by the Canadian Red Cross Blood Transfusion Service. 
A. Two types of sera were used: 

(1) Serum prepared from native plasma deplateletized by centri- 
fugation at 16000Xg in a refrigerated centrifuge (Interna- 
tional Centrifuge Model PR-1) for one hour. 

(2) Plain serum. 

B. Plasma was obtained from oxalated blood centrifuged at 3000 r.p.m. 
for 30 min. 
The globulin fractions were obtained as follows: Both serum and plasma 
were treated with tricalcium phosphate (10) in order to remove stable factor 
‘Manuscript received May 22, 1956. 
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plasma thromboplastin component, and prothrombin. A saturated solution 
of ammonium sulphate was then added until 30% saturation was reached. 
The precipitate (euglobulins) was removed by centrifugation and the satura- 
tion of the supernatant increased to 50%. The new precipitate formed was 
removed by centrifugation (pseudoglobulins) and the supernatant (albumin) 
discarded. Both the salting-out process and centrifugation were performed 
at 4°C. Each of the two precipitates (0-30 and 30-50) was dissolved in a 
small volume of saline and then dialyzed at room temperature against 0.85% 
sodium chloride for 24 hr. until neither the dialyzate nor the protein solution 
gave any turbidity with barium chloride. Finally the solution of each 
precipitate was brought to one-fifth the volume of the original serum. 

2. Two preparations of fibrinogen were used: 

A. Fibrinogen obtained by half saturation of plasma with sodium 
chloride (9, 2) was dissolved in normal saline and reprecipitated by 
half saturation with sodium chloride. The new precipitate was 
redissolved in saline equal to half the volume of the original plasma 
and thendialyzed first against distilled water and later against normal 
saline. Most of the experiments were done with this preparation. 

B. Fibrinogen obtained by double precipitation with ether (4). 

3. Thrombin Topical of Parke, Davis and Company was used. The dry 
thrombin was diluted to give a thrombin time of seven seconds, when 0.1 ml. 
of the thrombin solution was added to 0.2 ml. of fresh oxalated human plasma. 

4. Heparin prepared by the Connaught Medical Research Laboratories, 
University of Toronto, was used. 

5. Owren’s barbiturate buffer (7) of ionic strength 0.154 and pH 7.35 was 
used to obtain the curve for the antiheparin action of serum. Imidazole 
buffer (5) of pH 7.35 was used in every other determination. 

6. Measurements of pH were done with a Beckman pH meter Model G or 
Model H-2. 

7. In all experiments plasma or fibrinogen was mixed 2:1 or 4:1 with 
imidazole buffer. Except when otherwise stated, three volumes of the globulin 
fraction being tested or of saline were mixed with seven volumes of buffered 
plasma or buffered fibrinogen. 

8. The thrombin time was measured by adding 0.1 ml. thrombin solution 
to 0.2 ml. plasma or fibrinogen mixture. The time required for a clot to form 
was determined (10). 

9. The prothrombin time was determined as described by Quick (10). 


Presentation and Analysis of Data 


Studies with Serum Globulins 
Action of Serum Fractions on Heparinized Plasma 
The action of the fractions obtained between 0-30 (euglobulins) and 30-50 
(pseudoglobulins) per cent saturation with ammonium sulphate was studied 
on the prolonged thrombin and prothrombin time of heparinized buffered 








a 





TRIANTAPHYLLOPOULOS: BLOOD GLOBULINS 


TABLE I 


EFFECT OF DIFFERENT BLOOD FRACTIONS ON COAGULATION OF HEPARINIZED PLASMA 











Plasma with heparin 
Butea’! —_———_——_—____ 





plasma Adsorbed Adsorbed 
without Saline Citrated normal agamma. 
heparin - control 30-50 0-30 plasma serum serum 
Thrombin 
time (sec.) 6.5 35.0 12.0 23.0 35.0 is.3 15.5 
Prothrombin 
time (sec.) 13.0 27.5 18.5 28.0 20.0 27.0 26.0 





plasma (15 gamma heparin per ml. buffered 1:2 plasma). Control deter- 
minations were made using saline, adsorbed serum, adsorbed serum of a case 
of agammaglobulinemia (0.19% gamma globulin), and plain citrated plasma 
(Table I). 

The data show that fraction 30-50 has the strongest activity in shortening 
both thrombin and prothrombin time of heparinized plasma. Such activity is 
exhibited also by serum and to a lesser degree by the euglobulin fraction, 
limited, however, against only the antithrombin activity of heparin. It is 
worth noticing that serum from a case of agammaglobulinemia does not differ 
from a normal serum. This suggests that the carrier of antiheparin activity 
cannot be gamma globulin only. 

The action of normal adsorbed serum and pseudoglobulin (30-50) fraction 
on the thrombin time was studied in greater detail as illustrated in Fig. 1. 
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Fic. 1. Action of adsorbed serum: and serum pseudoglobulins on thrombin time of 
heparinized plasma. 








942 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


Two slightly different techniques were used. In order to study the action of 
serum, 1 ml. heparinized (5 gamma/ml.) oxalated plasma was put into five 
tubes. Into each tube increasing amounts of adsorbed serum were added 
(0, 0.2, 0.4, 0.6, and 0.8 ml.) and the volume brought to 2 ml. with normal 
saline. To the 2 ml. mixture 0.5 ml. of Owren’s barbital buffer was finally 
added and the whole system left to equilibrate for half an hour. The thrombin 
time was then determined. 

For the study of the action of the pseudoglobulins two volumes of oxalated 
plasma were mixed with one volume of imidazole buffer and then heparin 
added to the concentration of 10 gamma per ml. of mixture. One milliliter 
of such plasma was put into six tubes. Into each tube increasing amounts of 
pseudoglobulin were added and the volume brought to 2 ml. with normal 
saline. The thrombin time was then determined. Thrombin time is 
expressed as per cent thrombin in Fig. 1. By definition, 100% thrombin or 
full strength thrombin is that amount which is able to clot 0.2 ml. fresh 
oxalated plasma ir three seconds (10). 

The two curves are very similar and indicate that the rise in thrombin 
activity parallels the addition of increasing amounts of pseudoglobulin or 
serum. 


Action of Pseudoglobulin on Fibrinogen 

The following three sets of experiments were done (Table II): 

1. The two globulin fractions were added separately to ether precipitated 
fibrinogen. Saline controls were run in parallel. This experiment was 
done to determine if the action of the serum globulins is due to a 
thrombin promoting effect. Table II shows that both pseudoglobulins 
and euglobulins are unable to shorten the thrombin time of purified 
fibrinogen. 

2. Fibrinogen obtained by precipitation with sodium chloride was diluted 
with imidazole buffer 2 : 1 and to this solution heparin was added to a 
concentration of 15 gamma/ml. If such a fibrinogen solution is mixed 
7:3 with pseudoglobulins a pronounced rise of the thrombin time follows. 

3. The same buffered heparinized fibrinogen was mixed 2:1 with plasma 
defibrinated with thrombin. This plasma was used as supplier of heparin 
cofactor. Addition of serum pseudoglobulins under these conditions 
caused a marked reduction of the thrombin time. 


TABLE II 


EFFECT OF SERUM GLOBULINS ON FIBRINOGEN 








Thrombin time (sec.) 








Saline 30-50 0-30 
Fibrinogen without heparin, ether precipitated 12.0 12.0 13.0 
Fibrinogen with heparin 1.3 22.0 _— 


Same heparinized fibrinogen plus defibrinated plasma 60.0 24.0 _— 
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plasma thromboplastin component, and prothrombin. A saturated solution 
of ammonium sulphate was then added until 30% saturation was reached. 
The precipitate (euglobulins) was removed by centrifugation and the satura- 
tion of the supernatant increased to 50%. The new precipitate formed was 
removed by centrifugation (pseudoglobulins) and the supernatant (albumin) 
discarded. Both the salting-out process and centrifugation were performed 
at 4°C. Each of the two precipitates (0-30 and 30-50) was dissolved in a 
small volume of saline and then dialyzed at room temperature against 0.85% 
sodium chloride for 24 hr. until neither the dialyzate nor the protein solution 
gave any turbidity with barium chloride. Finally the solution of each 
precipitate was brought to one-fifth the volume of the original serum. 

2. Two preparations of fibrinogen were used: 

A. Fibrinogen obtained by half saturation of plasma with sodium 
chloride (9, 2) was dissolved in normal saline and reprecipitated by 
half saturation with sodium chloride. The new precipitate was 
redissolved in saline equal to half the volume of the original plasma 
and thendialyzed first against distilled water and later against normal 
saline. Most of the experiments were done with this preparation. 

B. Fibrinogen obtained by double precipitation with ether (4). 

3. Thrombin Topical of Parke, Davis and Company was used. The dry 
thrombin was diluted to give a thrombin time of seven seconds, when 0.1 ml. 
of the thrombin solution was added to 0.2 ml. of fresh oxalated human plasma. 

4. Heparin prepared by the Connaught Medical Research Laboratories, 
University of Toronto, was used. 

5. Owren’s barbiturate buffer (7) of ionic strength 0.154 and pH 7.35 was 
used to obtain the curve for the antiheparin action of serum. Imidazole 
buffer (5) of pH 7.35 was used in every other determination. 

6. Measurements of pH were done with a Beckman pH meter Model G or 
Model H-2. 

7. In all experiments plasma or fibrinogen was mixed 2:1 or 4:1 with 
imidazole buffer. Except when otherwise stated, three volumes of the globulin 
fraction being tested or of saline were mixed with seven volumes of buffered 
plasma or buffered fibrinogen. 

8. The thrombin time was measured by adding 0.1 ml. thrombin solution 
to 0.2 ml. plasma or fibrinogen mixture. The time required for a clot to form 
was determined (10). 


9. The prothrombin time was determined as described by Quick (10). 


Presentation and Analysis of Data 


Studies with Serum Globulins 

Action of Serum Fractions on Heparinized Plasma 

The action of the fractions obtained between 0-30 (euglobulins) and 30-50 
(pseudoglobulins) per cent saturation with ammonium sulphate was studied 
on the prolonged thrombin and prothrombin time of heparinized buffered 
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TABLE I 


EFFECT OF DIFFERENT BLOOD FRACTIONS ON COAGULATION OF HEPARINIZED PLASMA 








Plasma with heparin 
Butfered_ —————-— —— —— —-—-——— ——— 


plasma Adsorbed Adsorbed 
without Saline Citrated normal agamma. 
heparin control 30-50 0-30 plasma serum serum 
Thrombin 
time (sec.) 6.5 35.0 12.0 23.0 35.0 15.5 15.5 
Prothrombin 
time (sec.) 13.0 27.5 18.5 28.0 20.0 27.0 26.0 





plasma (15 gamma heparin per ml. buffered 1:2 plasma). Control deter- 
minations were made using saline, adsorbed serum, adsorbed serum of a case 
of agammaglobulinemia (0.1966 gamma globulin), and plain citrated plasma 
(Table I). 

The data show that fraction 30-50 has the strongest activity in shortening 
both thrombin and prothrombin time of heparinized plasma. Such activity is 
exhibited also by serum and to a lesser degree by the euglobulin fraction, 
limited, however, against only the antithrombin activity of heparin. It is 
worth noticing that serum from a case of agammaglobulinemia does not differ 
from a normal serum. This suggests that the carrier of antiheparin activity 
cannot be gamma globulin only. 

The action of normal adsorbed serum and pseudoglobulin (30-50) fraction 
on the thrombin time was studied in greater detail as illustrated in Fig. 1. 
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Two slightly different techniques were used. In order to study the action of 
serum, 1 ml. heparinized (5 gamma/ml.) oxalated plasma was put into five 
tubes. Into each tube increasing amounts of adsorbed serum were added 
(0, 0.2, 0.4, 0.6, and 0.8 ml.) and the volume brought to 2 ml. with normal 
saline. To the 2 ml. mixture 0.5 ml. of Owren’s barbital buffer was finally 
added and the whole system left to equilibrate for half an hour. The thrombin 
time was then determined. 

For the study of the action of the pseudoglobulins two volumes of oxalated 
plasma were mixed with one volume of imidazole buffer and then heparin 
added to the concentration of 10 gamma per ml. of mixture. One milliliter 
of such plasma was put into six tubes. Into each tube increasing amounts of 
pseudoglobulin were added and the volume brought to 2 ml. with normal 
saline. The thrombin time was then determined. Thrombin time is 
expressed as per cent thrombin in Fig. 1. By definition, 100% thrombin or 
full strength thrombin is that amount which is able to clot 0.2 ml. fresh 
oxalated plasma in three seconds (10). 

The two curves are very similar and indicate that the rise in thrombin 
activity parallels the addition of increasing amounts of pseudoglobulin or 
serum. 


Action of Pseudoglobulin on Fibrinogen 

The following three sets of experiments were done (Table IT): 

1. The two globulin fractions were added separately to ether precipitated 
fibrinogen. Saline controls were run in parallel. This experiment was 
done to determine if the action of the serum globulins is due to a 
thrombin promoting effect. Table II shows that both pseudoglobulins 
and euglobulins are unable to shorten the thrombin time of purified 
fibrinogen. 


bdo 


Fibrinogen obtained by precipitation with sodium chloride was diluted 
with imidazole buffer 2 : 1 and to this solution heparin was added to a 
concentration of 15 gamma/ml. If such a fibrinogen solution is mixed 
7:3 with pseudoglobulins a pronounced rise of the thrombin time follows. 
3. The same buffered heparinized fibrinogen was mixed 2:1 with plasma 
defibrinated with thrombin. This plasma was used as supplier of heparin 
cofactor. Addition of serum pseudoglobulins under these conditions 
caused a marked reduction of the thrombin time. 


TABLE II 


EFFECT OF SERUM GLOBULINS ON FIBRINOGEN 





Thrombin time (sec.) 


Saline 30-50 0-30 











Fibrinogen without heparin, ether precipitated 12.0 12.0 it 2 
Fibrinogen with heparin 1.2 22.0 — 


Same heparinized fibrinogen plus defibrinated plasma 60.0 24.0 _ 
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The following tentative explanation of these phenomena is suggested. 
The serum pseudoglobulins probably react with heparin and produce an 
antithrombin of weak potency. Because these globulins have a greater affinity 
to heparin than heparin cofactor, they displace the latter from the heparin - 
heparin cofactor complex, and since the new compound has only a weak 
antithrombin activity, the final result is a shortening of the thrombin time. 
On the other hand, when, as with heparinized fibrinogen, heparin cofactor is 
lacking, the serum globulins combine with heparin and a weak antithrombin 
effect is observed. The final result is prolongation of the thrombin time, 
because of the formation of an antithrombin where there was none before. 


Effect of Temperature and pH on Antiheparin Activity 

In order to study the effect of heat on the antiheparin activity of serum 
euglobulins or pseudoglobulins, 0.6 ml. of the respective fraction was heated 
for one-half hour in a water bath at 60° C. To each tube containing the heated 
fraction 1.4 ml. buffered heparinized oxalated plasma was added. Controls 
with the unheated fractions and saline were used (Table III). 

An unexpected difference is shown between the two fractions. The 
pseudoglobulin fraction is sensitive to temperature and loses some of its ability 
to shorten thrombin time. The activity on prothrombin time is left 
practically unaffected. Fraction 0-30 on the other hand is not only able to 
withstand a temperature of 60° C. for half an hour, but actually its potency 
is raised. This observation is not unique in its kind. Jaques (3) referring to 
the work of Fischer remarks that heat, by denaturing certain proteins, makes 
them able to bind more heparin. This difference between fraction 0-30 and 
30-50 suggests that two different proteins are responsible for the antiheparin 
effect and that it is not a single common globulin contained in higher concen- 
tration in the pseudoglobulin than in the euglobulin fraction. 

The effect of pH on serum globulins was studied by the addition of a solution 
of acetic acid or sodium carbonate to the fraction until a satisfactory pH was 
reached. Then buffered heparinized plasma was added at the usual ratio of 
7:3 (Table IV). 

Table 1V shows that both fractions are stable in a wide range of pH. 


TABLE IV 


EFFECT OF pH oN FRACTIONS 0-30 AND 30-50 








Thrombin time (sec.) 








pH 0-30 30-50 
5.50 10.0 
5.58 12.0 
6.56 10.0 
7.00 12.0 
9.15 13.5 
9.20 11.0 
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Action of Serum Pseudoglobulin on Prolonged Thrombin Time of Incubated 

Plasma 

Four milliliters of fresh oxalated plasma was put into each of three tubes of 
1.5 cm. diameter and 10 cm. length. Into two of the tubes 1 ml. saline or 
pseudoglobulin fraction was added respectively. The three tubes were put 
in a water bath at 37°C. for 24 hr. After incubation, 1 ml. of the 30-50 
fraction was added to the third tube. Thus all three tubes contained 5 ml. 
mixture each. The thrombin and prothrombin times were determined. 

From Table V it becomes apparent that serum pseudoglobulin is able to 
shorten the prolonged thrombin time of incubated plasma. No effect is seen 
on the prolonged prothrombin time. This is to be expected since the fraction 
used does not contain labile factor. It is important to notice that the effect 
is the same whether the globulin fraction is incubated together with the 
plasma or added after the incubation is over. Thus the prolongation of the 
thrombin time during incubation is not due to any deterioration of the 
pseudoglobulins contained in serum. 


Effect of Adsorption on Antiheparin Properties of Serum 

Since both heparin and its cofactor are adsorbed on tricalcium phosphate 
(6), it was considered that this may play a role in the antiheparin properties 
of adsorbed serum and pseudoglobulins obtained from adsorbed serum. To 
test the validity of this, oxalated plasma and serum of the same healthy 
individual were obtained. Adsorbed and plain specimens were mixed at the 
usual 3 : 7 ratio with heparinized (10 gamma/ml.) buffered oxalated plasma. 
The thrombin time of the mixture containing unadsorbed serum was 11.5 sec. 
and that with unadsorbed plasma 16.0 sec. When adsorbed specimens were 
used the thrombin time became 13.5 and 18.5 sec. respectively. Two facts 
become apparent: 

1. Adsorption decreases the antiheparin effect of both plasma and serum. 

2. Serum has a powerful antiheparin activity either plain or adsorbed. 

Plasma in this particular instance has a weak antiheparin activity 
(saline control 18.5 sec.) when unadsorbed. On other occasions plain 
citrated plasma was lacking in antiheparin activity (Table I). 

Since both plasma and serum were obtained from the same individual, the 
antiheparin activity of serum is a new property appearing after coagulation. 
In order to find out if this ability is only masked in plasma and is not due to 
the formation of new globulins during coagulation, the antiheparin activity of 
plasma pseudoglobulins was studied. 


Studies with Plasma Pseudoglobulins 

Action of Plasma Pseudoglobulins on Heparinized Plasma 

Plasma pseudoglobulins were obtained from adsorbed fresh oxalated plasma. 
Their potency to reduce the prolonged thrombin and prothrombin time of 
heparinized plasma was tested before and after being heated at 50°C. for 
30 min. The experiment was repeated using unincubated or incubated (at 
37° for 24 hr.) buffered pseudoglobulins at pH 7.7, 7.3, and 6.5. 
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Table III shows that plasma contains pseudoglobulins able to shorten the 
prolonged thrombin and prothrombin time of heparinized plasma. The 
action on prothrombin time is significantly stronger than that of serum 
pseudoglobulins. If the plasma pseudoglobulins are heated for half an hour 
at 50° C. they lose some of their power to shorten both thrombin and pro- 
thrombin time. In this respect they do not differ from serum pseudoglobulins. 
Incubation of the plasma fraction leaves practically unaffected both its power 
to shorten thrombin and prothrombin time. 

Ware and Seegers (14) found that purified Ac globulin (labile factor) 
obtained from bovine blood is destroyed after being heated for 30 min. at 
50°C. They also found that incubation at 37°C. for 30 min. destroys 
approximately 50% of the activity of Ac globulin. If these findings apply to 
a crude preparation of human labile factor, this globulin must be completely 
inactivated in the specimen heated at 50° C. for 30 min. and almost inactive 
in the specimen heated for 24 hr. at 37°C. However, the inability of 
incubation to impair the property of plasma pseudoglobulins to shorten 
prothrombin time seems to imply that labile factor is left unaffected. This 
was confirmed by the fact that both the incubated and unincubated fraction 
reduce the 60 sec. prothrombin time of stored oxalated plasma to 16.0 sec. 
Because this finding is against the observation that incubation of plasma 
prolongs prothrombin time by destroying labile factor (15, 12), further 
experiments seemed necessary. It was also considered important to see if 
the prolonged thrombin time of incubated plasma could be explained by the 
destruction of labile factor. 


Action of Plasma Pseudoglobulins on Incubated Plasma 

To this effect 1.4 ml. fresh oxalated plasma was put into each of three tubes. 
Into two of the tubes 0.6 ml. plasma pseudoglobulin or saline was added and 
the third was left with only the plasma in it. The tubes were covered with 
Parafilm to reduce evaporation without stopping aeration completely. After 
24 hr. incubation at 37° C., 0.6 ml. plasma pseudoglobulin was mixed with the 
plasma of the third tube, and the thrombin and prothrombin times of the 
three tubes were determined. In a second experiment, buffered heparinized 
(10 gamma/ml.) plasma was used instead of oxalated plasma. Incubation of 
the pseudoglobulins with either plain or heparinized buffered plasma did not 
lessen their thrombin time reducing ability (Table V). The specimen with 
plain plasma seems even to have become more potent. This, however, can 
be partly explained by assuming the formation during incubation of a more 
active antithrombin due to better aeration of small volumes of plasma (1.4 ml. 
instead of 2.0 ml.). The importance of aeration in the development of 
antithrombin activity was shown elsewhere (13). The results were quite 
different when prothrombin was determined. The tube containing the 
incubated pseudoglobulin had a prolonged prothrombin time close to that of 
the saline control. Effect of pH on labile factor can be excluded in view of 
the wide pH range (5-9) within which this globulin is stable (8). The 
following conclusions can be drawn from these findings: 
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1. The prolongation of the thrombin time of incubated plasma cannot be 
due to destruction of labile factor or of any other factor contained in the 
pseudoglobulins of adsorbed plasma. 

2. Destruction of labile factor is suggested by the prolonged prothrombin 
time of the plasma which was incubated together with the pseudoglobulin 
fraction. 

It has been shown previously that 24 hr. incubation of the isolated pseudo- 
globulins does not decrease their labile factor content. On the other hand, 
incubation of a mixture of plasma pseudoglobulins and plasma destroys labile 
factor. Hence, the conclusion that a plasmatic factor is needed for this 
disappearance seems plausible. 


Discussion 


Bramble et al. (1) found that highly purified labile factor and Ac-globulin- 
rich ox serum are able to shorten both thrombin and prothrombin time of 
heparinized plasma. The following two findings suggest that labile factor, 
as such, cannot account for antiheparin activity: 

1. Antiheparin activity is found in the pseudoglobulins of human serum 

which is without labile factor. 

2. Plasma pseudoglobulins with destroyed labile factor shorten the thrombin 

time of heparinized plasma. 
The antiheparin activity of the purified labile factor may be due to the fact 
that both labile factor and its 50% contaminating beta globulin (14) belong 
to the pseudoglobulin fraction. 

Contamination with platelet antiheparin activity can be excluded because 
the majority of serum pseudoglobulin preparations used were obtained from 
native deplateletized plasma. No difference could be detected between 
fractions prepared from serum obtained from carefully deplateletized native 
plasma and those obtained from plain serum. 

The inability of serum globulins to shorten the thrombin time of purified 
fibrinogen excludes the possibility that this action is a thrombin promoting 
effect. The greater antiheparin activity of plain serum compared with that 
of plasma may be due to the destruction during coagulation of plasmatic 
properties inhibiting the antiheparin activity of pseudoglobulins. The 
hypothesis of production of a greater number of antiheparin pseudoglobulins 
during coagulation seems unlikely in view of the fact that there is no great 
difference between the antiheparin activity of serum pseudoglobulins and 
plasma pseudoglobulins. 

The observation that the prolonged thrombin time of incubated plasma 
cannot be due to destruction of any factor contained in the pseudoglobulin 
fraction of plasma or serum is further evidence that this prolongation is due 
to the forination of an antithrombin during incubation. This antithrombin, 
like heparin, is neutralized by the addition of pseudoglobulins. It is not 
possible with the available data to make any hypothesis about its nature. 
The only assertion that can be made is that although not being heparin, it 
has some common characteristics with heparin. 
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EFFECT OF TOLAZOLINE IN HEMORRHAGIC 
HYPOTENSION IN DOGS! 


By C. W. Gowpey, J. W. PEarcE,? AND J. A. F. STEVENSON 


Abstract 


Adrenergic blocking agents have been found by several investigators to be 
beneficial in hemorrhagic shock under circumstances in which they can affect 
the volume of blood lost. In this study of the effect of the blocking agent 
tolazoline on the response to standardized hemorrhagic hypotension in the dog, 
in which a constant blood pressure is maintained by the reservoir method, no 
improvement in rate of survival was observed when an increase in blood volume 
in response to drug-induced vasodilatation was prevented. Nor did the stimu- 
lating effect of tolazoline on the heart improve survival, whether the drug was 
given during hypotension or at the time of reinfusion. When the blood reservoir 
was clamped off during the hypotensive period to prevent spontaneous changes 
in blood volume but not in blood pressure, the animals which were still able to 
increase their blood pressure survived after reinfusion whereas those which could 
not died, despite reinfusion of their original blood volume. 


Introduction 


The adrenergic blocking agent dibenamine, and its analogue dibenzyline, 
have been shown to reduce the mortality rate in dogs subjected to standardized 
hemorrhagic procedures, both of the serial-hemorrhage type (12) and the 
reservoir, controlled-hypotensive-level type (9, 14). These compounds were 
found to be beneficial only if administered before, or early in, the hypotensive 
period (9). It was thought of interest to study the effect of a chemically 
dissimilar blocking agent in this regard, and, because of its stimulating action 
on the heart (1, 5, 8) and its rapidity of action, tolazoline (‘‘Priscoline’’) 
was chosen. 

In most of the experiments a modified form of the method employed by 
H. C. Wiggers (14) was used, but the blood reservoir was clamped off after a 
given period of controlled hypotension and before the blocking agent was 
injected. This technique prevented the dog from taking up blood from the 
reservoir in response to the drug and meant that control and treated animals 
had similar blood volumes throughout the period of hypotension. Control of 
the exchange of blood was, of course, gained at the expense of control of the 
arterial blood pressure, and it was realized that, if sympathetic blockade 
lowered the pressure further, then an increased mortality rate might be 
expected in the treated animals unless the effects of preferential blood flow 
predominated. An increased mortality rate did, in fact, occur with this 
technique (6). When this became obvious, variations in the experimental 
procedure were made to determine if any would influence the effect of the 
drug; none did. 

‘Manuscript received May 11, 1956. 
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Methods 


Healthy adult dogs were deprived of food, but not water, for 18 hr. and 
were then anesthetized by intravenous injection of sodium pentobarbital. The 
average dose was 30 mgm./kgm. and usually no more anésthetic was required. 
The experiments were conducted in a temperature-controlled room. Two to 
two and one-half hours were allowed from the beginning of anesthesia before 
control measurements were made. During this time the right brachial and 
femoral arteries were exposed and cannulated with wide-bore polyethylene 
catheters. The catheter in the brachial artery was attached to the monitoring 
manometer of the ‘hemobarostat’ (11), which maintains a constant blood 
pressure by regulating flow to and from the reservoir. The meniscus in the 
expanded proximal arm of the mercury manometer was set at the approximate 
level of the heart. The maximum deviation in mean pressure permitted by 
the hemobarostat varies between 1 and 3.5 mm., the average variation in 
mean pressure over a period of time is, however, much less. No correction 
was made for the specific gravity of the anticoagulant fluid used in the 
connecting tubes. The catheter in the femoral artery was attached to the 
blood reservoirs of the ‘hemobarostat’. An endotracheal tube was inserted. 
Rectal temperatures were measured with an ordinary laboratory thermometer. 
Bleeding volumes were recorded periodically from the levels in the blood 
reservoirs. 

Heparin (5 mgm./kgm.) was administered intravenously just before the 
hemorrhage, which was adjusted so that the permitted hypotensive level was 
reached in 10 min. This level was maintained by means of the hemobarostat 
for periods which varied with the series. In some series the blood reservoir 
was clamped off from the animal during the hypotensive period. These 
experimental variations, as well as those concerning the dose and time of 
administration of tolazoline, the level of hypotension, and the total duration 
of hypotension, are shown for each series in Table I (Columns 1-5). The 
injection of the drug took five minutes; the controls received an equal volume of 
saline. Reinfusion consisted of the administration of all the blood remaining 
in the reservoirs through the femoral arterial catheter over a 10 min. period. 
The criterion of survival was that the dog should be alive 96 hr. after reinfusion. 

In several series additional cardiovascular—respiratory measurements were 
made; the methods have been described in other publications from this 
laboratory (6, 7). 


Results 


The results are summarized in Table I. By comparing the mortality rate 
of the control series at a hypotensive level of 45 mm. Hg (Series 1a) with that 
at a level of 40 mm. (Series 2a), it can readily be seen that in this range small 
changes in the arterial pressure are critical. At 45 mm. Hg no untreated dogs 
died, whereas at 40 mm. Hg 11 of 16 died within 96 hr. There was no 
significant difference in the initial bleeding volumes, but the maximum bleeding 
volume of the controls held at 40 mm. was greater (P <.05) than that at 
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45mm. Only two treated animals in Series 1 and one in Series 2 survived the 
experimental procedure, and they died within 10 hr. of reinfusion. Some of 
the cardiovascular effects of the tolazoline injection are discussed below. 

Table I also shows that when the drug was withheld until reinfusion, it was 
not deleterious, but neither did it increase the survival rate significantly over 
that of the controls. This was true whether the hypotension was controlled 
at 40 mm. Hg for 45 min. (Series 3a) and the drug given at reinfusion in a dose 
of 3.5 mgm./kgm. or was controlled at 44 mm. Hg for 90 min. (Series 4a) at 
which time 10 mgm./kgm. tolazoline was given with reinfusion. 

In Series 3b and 4c the hypotensive level was controlled throughout the 
experiment and the blocking agent was injected 30 min. after the beginning 
of controlled hypotension; any increased vascular capacity produced by the 
drug could then be filled by blood from the reservoir until the controlled 
pressure level was restored. In these experiments the mortality rate was not 
affected by administration of tolazoline (Series 40). 

The effect of tolazoline on the responses of the arterial pressure to 
intravenous injections of adrenaline and noradrenaline was studied in four 
dogs. Equipressor doses of adrenaline and noradrenaline were ascertained in 
the prehemorrhage period. These doses were then repeated during the period 
of controlled hypotension (the reservoirs being clamped off momentarily), 
during the period between the clamping of the reservoirs and the injection of 
the agent, twice after the injection of tolazoline, and one or more times after 
reinfusion. The pressor effect of both compounds decreased markedly as the 
hypotension progressed. Tolazoline (3.5 mgm./kgm.) abolished the pressor 
response to adrenaline and reduced that to noradrenaline. In the post- 
reinfusion period adrenaline usually produced a fall in arterial pressure 
whereas noradrenaline caused a rise. 

The measurement of many cardiovascular and respiratory indices in some 
of the dogs of Series 1 and 2 failed to reveal any of prognostic significance as 
to ultimate survival. The cardiac output had usually fallen to about 20% 
of the prehemorrhage level at the time the reservoir was clamped off; only 
the control survivor group showed a return to near the prehemorrhage 
level after reinfusion. Increases in cardiac output (>50%) occurred after 
administration of tolazoline, but these increases bore no obvious relation to 
ultimate survival. Tolazoline increased significantly the cardioacceleration 
usually accompanying the later stages of hemorrhagic hypotension. The 
ventilation volume and the coefficient of oxygen extraction were increased 
(P <.05) by tolazoline, but the effect on oxygen consumption was variable. 
A decrease in the respiratory rate in the 50-75 min. period of hypotension 
usually meant that the animal would not survive 96 hr. (10). The initial 
bleeding volume and that at the time the reservoir was clamped off, pH, 
rectal temperature, hematocrit, and mean right ventricular pressure were not 
significantly different in the treated and untreated groups. 
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The bleeding volumes in Series 4b and 4c were not different up to the time 
of the injection of tolazoline. The treated animals immediately began to take 
blood back from the reservoir, whereas the controls did not do so until much 
later in the hypotensive period. The treated dogs showed a rapid increase in 
pulse rate after the drug and this cardioacceleration persisted until reinfusion; 
in the control animals the pulse rate gradually rose throughout the hypotensive 
period. There were no appreciable differences in respiratory rate or minute 
volume between these groups; both variables increased immediately after 
hemorrhage, then gradually decreased, to return towards prehemorrhage 
levels after reinfusion. Both groups showed a slight decrease in rectal 
temperature after reinfusion. There was a decrease in foreleg skin temperature 
during the hypotension with a rise after reinfusion. Gross post-mortem 
examinations of the fatalities in Series 1, 2, and 4 were performed. The only 
constant changes noted were subserosal hemorrhages in the small and 
occasionally in the large bowel. 


Fig. 1 shows the arterial pressure of the animals in Series 2a and 3a at 
various times during the experiment. It can readily be seen that those dogs 
in which the arterial pressure rose after the reservoir was clamped, whether 
they were injected with the blocking agent at reinfusion or not, survived. Those 
in which the arterial pressure either did not rise appreciably, or rose but then 
began to fall before the reinfusion, died whether they were treated or not. 
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Fic. 1. Comparison of mean arterial pressures during hypotensive period of eventual 
survivors and fatalities in Series 2a (control) and 3a (tolazoline not given until reinfusion) 
combined. These are significantly different at 90 and 100 min, Vertical lines, + 1 
S.E.M. Light broken lines represent means of individual groups: 1, survivors of Series 
3a; 2, survivors of Series 2a; 3, fatalities of Series 3a; 4, fatalities of Series 2c. 
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Discussion and Conclusions 


The results indicate that the injection of tolazoline during the hypotensive 
period of hemorrhagic shock is deleterious unless at the same time reinfusion 
of blood is permitted. It is thought, from the investigation of the activity of 
tolazoline in blocking the pressor responses to adrenaline and noradrenaline in 
identical experiments, from the changes in cardiac output after the drug, and 
from the uptake of blood from the reservoir (in Series 3b and 4c), that 
tolazoline did produce at least a partial sympathetic blockade. Any beneficial 
effects which it may have had in releasing certain areas of vasoconstriction 
were, apparently, offset by the over-all vasodilatation and resulting fall in 
arterial pressure. From the measurements of skin temperature in Series 4c it 
appears unlikely that much change in skin blood flow followed the administra- 
tion of tolazoline; the skin temperature did rise after reinfusion. The transient 
fall in rectal temperature with reinfusion may be explained by the fact that the 
reservoir blood was at room temperature when reinfusion occurred. 


Wiggers (13) concluded from his studies of the effective atrial pressures, 
ventricular volume changes, intraventricular pressure, and electrocardiograms 
in shock ‘‘1. that deterioration of myocardial expulsive power contributes to 
the progressive circulatory failure of oligemic shock, 2. that the various 
compensating mechanisms which tend to maintain an adequate coronary 
circulation are not sufficient to spare the myocardium, and 3. that myocardial 
depression contributes to the redevelopment of circulatory failure when 
transfusions are given after the development of an irreversible state.” It was 
with the first point in mind that tolazoline, because of its positive inotropic 
action on the heart, was chosen as the adrenergic blocking agent in this study. 
It would appear, however, that in these circumstances tolazoline may actually 
have contributed to an early cardiovascular collapse: the imposed increase 
in cardiac work may not have been accompanied by a parallel increase in 
coronary flow. 

Tolazoline was administered at reinfusion in an attempt to circumvent 
Wiggers’ third factor. It was thought that reinfusion within a 10 min. 
period of all the blood remaining in the reservoir into a vascular bed whose 
normal capacity was much reduced might have imposed too great a load on 
the heart. This strain could be reduced by inducing vasodilatation with 
tolazoline, and it was considered that the effect of the drug on the heart 
might, at this time, be beneficial through the more rapid restoration of blood 
flow. No differences in survival rate were found, however, between the 
treated and untreated dogs; nor did larger doses (10 mgm./kgm.) of tolazoline 
affect the survival rate. 

The fact that in Series 2a and 3a the dogs which could raise their arterial 
pressure during the hypotensive period following the clamping of the blood 
reservoir lived, whereas those which could not died, again demonstrates the 
close relation between the sympathetic nervous system and _ irreversible 
hemorrhagic shock. 
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Other experiments in this laboratory have shown that dibenamine, 
dibenzyline, and chlorpromazine are also ineffective when administered late in 
the hypotensive period (3, 9). When dibenamine (14) was given before the 
hemorrhage, survival was improved but the initial bleeding volumes were 
less in the treated animals than in the controls; therefore, although both 
groups were maintained by a blood reservoir at the chosen hypotensive level 
for a standard time, they were not comparable with respect to blood loss. 
The same criticism appears to apply to the experiments with chlorpromazine 
reported by Fournel (4). When dibenamine was injected early in the 
controlled hypotensive period (at 30 min.), there was a tendency for the 
arterial blood pressure to fall, which was immediately compensated for by 
spontaneous reinfusion of some of the reservoir blood (2, 9). In the control 
series vasoconstriction was still occurring at this time and no such 
reinfusion and increased blood volume took place. In the later stages 
of hypotension the circulatory adjustments of the untreated dogs to the 
hemorrhage began to fail, and the arterial pressure was maintained only by 
reinfusion of some of the blood from the reservoir; this is automatic reinfusion. 
Although the volume of blood eventually reinfused automatically in the 
control group was not statistically different from the volume reinfused in 
response to the injection of dibenamine, the groups are not strictly comparable 
because in the treated animals the compensating mechanisms had not failed 
at the time of vasodilatation and reinfusion. Thus, in neither of the above 
experiments can any beneficial effects of sympathetic blockade be readily 
dissociated from those of augmented blood volume. The present experiments, 
designed to control this blood-volume factor, do not completely distinguish 
between the two factors, for even though there may have been some 
preferential flow in the treated animals, the blood pressure could not be 
controlled. 

Although many of the experimental series were small and did not yield 
statistically significant differences by themselves, it is considered that the 
general agreement shown by the results adequately and economically supports 
the conclusion that the beneficial effect of adrenergic blocking agents is largely 
dependent upon an increase in blood volume concomitant with the vaso- 
dilatation. The use of such agents in the treatment of clinical hemorrhagic 
shock, without simultaneous blood volume replacement, could be predicted 
to be without influence on, or even to prejudice, survival. 


Acknowledgments 


The authors wish to acknowledge the assistance at various times throughout 
this study of Drs. J. E. Merriman, W. E. Spoerel, and J. E. Wittig, Mrs. 
G. F. Carruthers, Messrs. D. Waud (Lederle Medical Student Research 
Fellow), and F. M. McKenzie. Mr. R. Payson provided valuable technical 
assistance throughout the investigation. The tolazoline (‘‘Priscoline’’) was 


kindly supplied by Dr. C. W. Murphy of the Ciba Company, Montreal, 
Canada. 








958 


nan > Ww 


ocouwvon 


13. 
14. 


CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


References 


. Antguist, R. P., HuGceins, R. A., and Woopsury, R. A. J. Pharmacol. Exptl. Therap. 


89:271. 1947. 


. (a) Beck, L. and Lotz, F. Federation Proc. 12:12. 1953. 


(b) Beck, L. C., Lotz, F., SuNawaARA, F. A., Gowpey, C. W., and STEVENSON, J. A. F. 
Rev. can. biol. 13:50. 1954. 


. CARRUTHERS, G. F. and Gowpey, C. W. Can. J. Biochem. Physiol. 34: 217. 1956. 

. FourNnEL, J. Compt. rend. soc. biol. 146 :561. 1952. 

. Gowpey, C. W. Brit. J. Pharmacol. 3: 254. 1948. 

. Gowpey, C. W., PEARCE, J. W., MERRIMAN, J. E., and STEVENSON, J. A. F. Federation 


Proc. 13: 359. 1954. 


. Gowpey, C. W. and YounG, I. E. Can. J. Biochem Physiol. 32 : 559. 1954. 

. HENDRIX, J. P., REARDON, M. J., and Marzont, F. A. Federation Proc. 6 : 338. 1947. 
. Lotz, F., Beck, L., and STEvENsoN, J. A. F. Can. J. Biochem. Physiol. 33 : 741. 1955. 
. MERRIMAN, J. E. Jn Shock and circulatory homeostasis. Trans. of the Fourth Conf. 


1954. The Josiah Macy, Jr. Foundation, New York. 1955. p. 208. 


. PEARCE, J. W. and Gowpey, C. W. J. Appl. Physiol. 6:441. 1954. 
. (a) REMINGTON, ‘i W., HamiLton, W. F., Boyp, G. H., Jr., Hamitton, W. F., Jr., and 


CADELL, H. Am. 5. Physiol. 161: 116. 1950. 

(b) REMINGTON, a W., WHEELER, N. C., Boyp, G. H., Jr., and Capett, H. M. Proc. 
Soc. Exptl. Biol. Med. 69 : 150. 1948 

Wiccers, C. J. Physiology of shock. The Commonwealth Fund, New York. 1950. 


(a) Wiccers, H. C., INGRAHAM, R. C., ROEMHILD, F., and GoLtpBERG, H. Am. J. Physiol. 
153:511. 1948. 


(6) WiccerRs, H. C., GoLpBERG, H., ROEMHILD, F., and INGRAHAM, R. C. Circulation, 
2:179. 1950. 








959 


HEMATOLOGICAL AND BODY FLUID ADJUSTMENTS DURING 
ACCLIMATION TO A COLD ENVIRONMENT! 


By C. Des? anp J. S. HART 


Abstract 


Body fluid volumes and hematological values have been compared in rats 
exposed to 6° C. for various periods of time and in rats at 30° C. for comparable 
periods. Absolute blood and plasma volumes (T1824 space) decreased with 
time of exposure to 30° C., while extracellular fluid volume (sodium space), 
total body water, and body weight increased. Rats transferred from the warm 
to the cold environment had larger plasma and blood volumes than those of 
rats at 30° C. after the first week of exposure. After five weeks, blood volume 
was 22% greater on an absolute basis and 30% greater relative to total body 
water than that of the larger rats at 30° C. There were no differences in 
extracellular fluid volumes between warm and cold exposed rats at comparable 
intervals. Total water and intracellular water tended to be greater in rats at 
30° C. on an absolute basis but they were much greater per unit body weight 
in rats at 6°C. No differences were observed in red blood cell counts, in 
hemoglobin concentration, or in plasma specific gravity between warm and 
cold exposed rats, but there was an increased hematocrit, increased corpuscular 
volume, and decreased corpuscular hemoglobin content in rats kept at 6° C. 
Hemoglobin, red cells, and plasma specific gravity increased with time in both 
groups. 


Introduction 


Hematological and fluid volume readjustment in mammals following changes 
in environmental temperature have been recognized for a long time. Reduc- 
tion in plasma volume following exposure to cold has been observed in men 
(3, 6) and also in animals after a considerable lowering of body temperature 
(12, 20). The hemoconcentration observed occasionally in men (3) has 
apparently not been found in experimental animals exposed to cold, but there 
is evidence for increase in plasma protein concentration (2, 9) and increase in 
intracellular water (2,9, 14). The apparent shift in extracellular water to the 
tissues has been linked with increased metabolism during exposure to cold (9). 

The body fluid adjustments in animals exposed to cold are incompletely 
understood, and much less is known about the adjustments associated with 
prolonged exposure. A study has therefore been undertaken to observe the 
changes in blood and in fluid volumes in rats exposed to warm and cold 
environments for various periods of time. Observations include hemoglobin, 
packed cell volume, red blood cells, plasma specific gravity, plasma, blood and 
extracellular fluid volumes, and total body water. 


Methods 


Two separate experimental batches of adult male Sprague-Dawley rats 
were exposed for two weeks to 30° C., after which half of the rats in each 


1Manuscript received May 22, 1956. 

Contribution from the Division of Applied Biology, National Research Laboratories, Ottawa, 
Canada. Issued as N.R.C. No. 4039. 

2 National Research Council Postdoctorate Fellow, 1954-55. 
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batch were moved to 6° C. while the remainder (controls) were kept at 30° C. 
Measurements were made on rats exposed to 6° C. for three hours, one week, 
three weeks, and five weeks, and on controls, at the same times. 

After the prescribed period of exposure each rat was lightly etherized and 
about 1 ml. of blood was withdrawn from the jugular vein into a weighed, 
dried heparinized syringe. After the syringe was seweighed with blood, 
samples were taken for determination of hemoglobin, red blood cells, 
hematocrit, and plasma specific gravity. Hemoglobin was determined by 
the cyanhemoglobin method of Drabkin and Austin (11) using an artificial 
standard of 3.0% CuSO,4.5H.O in 2 M NH,OH (10). Densities of standard 
and unknowns were compared at 540 my in a Beckman spectrophotometer. 
Red cell counts were made with a Spencer hemocytometer and counting 
chamber with improved Neubauer ruling. Hematocrit was determined by 
centrifuging blood for 30 min. at 3000 r.p.m. in Wintrobe tubes. The separated 
plasma was then removed, and samples were taken for estimations of specific 
gravity by the method of Phillips e¢ a/. (18) and for the preparation of standard 
and blank solutions for plasma volume estimations. 

Injection of T1824 dye (5) and Na#Cl (3.55 X 105 c.p.m.) in 0.9% NaCl 
was made into the jugular vein of the anesthetized rat by means of a syringe 
adjusted to deliver precisely 0.1 ml. of solution. After 5 min. and 30 min. 
0.5-ml. blood samples were withdrawn from the heart. Plasma samples were 
obtained by centrifugation under liquid paraffin. 

For plasma volume estimations, optical densities of standard T1824 solutions 
and of solutions prepared from 5 and 30 min. samples were determined in a 
Beckman spectrophotometer at 620 my. The instrument was set with a 
reagent blank prepared from the plasma of the same animal. Plasma volume 
was calculated from the quantity of dye injected and the final concentration, 
which was estimated by extrapolating the dye concentration of 5 and 30 min. 
plasma samples to zero time. Blood volume was calculated from plasma 
volume and hematocrit using Loring’s (15) formula. In these calculations the 
blood withdrawn before injection of dye was added. 

For estimation of extracellular fluid volume (sodium* space), 0.1 ml. of 
plasma from the 30 min. sample was spread on aluminum trays (1} in. 
diameter) with a few drops of alcohol and dried under a lamp. The activity 
was counted with a Nuclear Instrument and Chemical Corporation thin 
window Geiger tube and scaler. Standard solutions were prepared from 
diluted plasma drawn before injection and counted in the same way. The 
sodium space was calculated from counts injected and counts recovered after 
correction was made for blood removed from the rat. 

Total body water of each rat was obtained from the initial weight and the 
final dry weight after desiccation for 48 hr. at 80°C. Intracellular fluid 
volume was calculated as the difference between body water and extracellular 
fluid volume. 
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TABLE I 


Bopy FLUID VOLUMES OF RATS IN WARM AND COLD ENVIRONMENTS 
AFTER VARIOUS PERIODS OF TIME 











Measurement Temp. °C. 3 hr 1 week 3 weeks 5 weeks 
Body weight, 30° 275.9 + 7.0 (13) 322.1 + 8.8 (12) 343.7 + 6.9 (12) 378.8 + 8.5 (12) 
gm. 6° 278.5 + 7.0 (13) 272.3 + 8.5 (13) 291.2 + 7.0 (12) 323.4 + 8.5 (12) 
30°-6° —2.6 + 9.9 49.8 +12.2 52.5 + 9.8 55.4 +12.0 
Body water, 30° 177.5 + 4.4 (13) 196.8 + 5.6 (11) 211.2 + 3.3 (12) 229.3 + 5.2 (12) 
gm. 6° 176.2 + 4.4 (13) 183.1 + 5.1 (13) 197.4 + 3.4 (12) 215.0 + 6.0 (12) 
30°-6° 1.3 £ 6.3 13.7 + 7.6 13.8 + 4.7 14.3 + 7.9 
Intracellular 30° 106.2 + 3.4 (13) 115.1 + 4.2 (11) 130.0 + 3.3 (12) 140.4 + 4.7 (12) 
vol., ml. 6° 104.4 + 3.4 (13) 104.4 + 3.8 (13) 115.1 + 3.4 (12) 131.3 + 4.7 (12) 
30°-6° 1.8 + 4.8 10.7 + 5.7 14.9 + 4.7% 9.1 + 6.7 
Extracellular 30° 71.3 + 2.1 (13) 83.1 + 2.6 (12) 81.2 + 2.7 (12) 88.8 + 2.4 (12) 
vol., ml. 6° 71.8 £ 2.8 @3) 78.7 + 2.5 (13) 82.3 + 2.8 (12) 83.7 + 2.4 (12) 
30°-6° —0.4 + 2.9 4.3 + 3.6 —1.0 + 3.9 5.2 + 3.4 
Blood vol., 30° 17.02+ 0.86 (12) 14.46+ 0.58 (12) 14.07+ 0.66 (11) 13.58+ 0.45 (12) 
ml. 6° 14.71+ 0.83 (13) 15.62+ 0.54 (13) 15.63+ 0.58 (12) 16.60+ 0.45 (12) 
30°-6° 2.314 1.20 —1.16+ 0.79 —1.56+ 0.88 —3.02+ 0.63** 
Plasma vol., 30° 9.07+ 0.48 {13} 7.67+ 0.31 (12) 7.344 0.32 (11) 7.08+ 0.20 (12) 
ml. 6° 7.94+ 0.46 (13) 8.33+ 0.30 (13) 7.74+ 0.29 (12) 8.10+ 0.20 (12) 
30°-6° 1.13+ 0.67 —0.66+ 0.43 —0.40+ 0.43 —1.02+ 0.29** 





** Indicates significance at 1% level. Numbers of test animals given in parenthesis. 


Results 


Absolute mean values with standard errors for fluid volume compartments 
are shown in Table I. Owing to apparent differences between the two batches 
of rats acclimated to each temperature, statistical analyses were carried out on 
equally weighted averages of batch means (half the sum of the separate 
batch means). 

As expected, rats at 30° C. gained weight at a faster rate than those at 6° C. 
There was also a general tendency for body water of the former to exceed that 
of the latter (significant at the 5% level). Relative to body weight, body 
water was significantly greater in cold exposed rats after the first week (Fig. 1). 

Owing to differences in body composition of warm and cold acclimated rats 
(17), plasma, blood, and extracellular fluid volumes have not been calculated 
relative to body weight but relative to body water (Fig. 1), in addition to the 
absolute values (Table I). In rats at 30° C. there was a relative (Fig. 1), and 
absolute (Table I) decline in blood and plasma volume with time in spite of 
increasing body weight. In rats at 6° C. the tendency of blood volume to 
fall after three hours’ exposure was significant at the 5% level when calculated 
relative to body water. In the ensuing weeks at 6° C. absolute blood volume 
(Table I) tended to increase, but it was almost constant relative to body 
water. The result was that plasma and blood volumes of rats at 6° C. became 
greater than those of rats at 30° C., the greatest difference appearing after 
five weeks. There were no group differences in extracellular or intracellular 
volumes relative to total body water. Although absolute intracellular water 
averaged greater in 30°C. rats, the differences were significant only at 
three weeks. 
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Fic. 1. Body fluid volumes in relation to time of exposure to 30° C. (@) and 6° C. 
(O). Vertical bars give standard errors of the means. 


Plasma specific gravity showed significant increases with time of exposure 
to 30° C. and 6° C. (Fig. 3) but there were no differences between the two 
groups. Similar increases with time were found for hemoglobin and red blood 
cells (Fig. 2), but here again no group differences were observed. However, 
owing to differences in blood volume, total red blood cells, total circulating 
hemoglobin, and plasma proteins were higher in cold than in warm acclimated 
rats. 

Although no group differences were observed in red blood cell counts or 
hemoglobin levels, the packed cell volume increased in rats exposed to cold 
and became greater than that of warm acclimated rats after five weeks (Fig. 2). 
Similarly, the mean corpuscular volume (Fig. 3) was greater in cold acclimated 
rats (differences significant at 1% level after five weeks). Corpuscular 
hemoglobin concentration (Fig. 3) showed a tendency to be lower in rats at 
6° C. but the differences were not significant except at the three week period 
(5% level of significance). 
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Fic. 2. Hematological values in relation to time of exposure to 30° C. (@) and 6° C. 
(O). Vertical bars given standard errors of the means. 


Discussion 


The method of expressing body fluids becomes a problem when the body 
composition differs in the groups being compared. Most observers express 
fluid volumes on a body weight basis. This is valid at the beginning of these 
tests when body composition of the groups was the same. At this time, blood 
volumes averaged 5.5 ml./100 gm., which compares favorably with results 
obtained by other observers using T1824 (15) and labelled red cells (4, 21). 
Similarly the initial sodium space (25.8 ml./100 gm.) is similar to that obtained 
by others (8, 22) on rats. As the rats become acclimated to cold, however, 
extracellular fluid values, which were approximately the same at comparable 
intervals in warm and cold exposed rats when expressed either on an absolute 
or total body water basis, were greater in cold exposed rats when expressed 
relative to body weight. This is because acclimatior. to cold is associated with 
a decrease in body fat (17) with increase in water relative to total body weight. 
Similarly, group differences in blood volume would be even greater than 
reported here if expressed relative to body weight. It is felt that fluid volumes 
should not be related to body weight, when body composition is not constant, 
but instead to total body water, which in turn is closely related to fat free 
mass in control and cold exposed animals (1). This also gives a convenient 
measure of the proportion of the total body fluid contained in the various 
compartments. 








964 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 





MEAN. CORP VOLUME 





63t— ~ 
[{——} 
59+ tg 


cu. 
T 











ssi ~ 
MEAN. CORP HEMO. CONC. 

31} . | 
so 
“T ee 

m § fo 
1.0280 PLASMA SP GRAVITY 











1.0260 ‘ | ZA 


1.0240 





3 he. | wk. 3 wk. 5 wk. 


Fic. 3. Mean corpuscular values and plasma specific gravity in relation to time of 
exposure to 30° C. (@) and 6° C. (O). Vertical bars give standard errors of the means. 


The usual responses to sudden cold exposure (reduction in blood volume, 
hemoconcentration, increased plasma protein, increased intracellular water) 
were not well shown in this study. Although there was a tendency for blood 
volume to fall, this trend was barely significant and it was not accompanied 
by changes in blood values, plasma specific gravity, or intracellular water. 
Possibly these changes failed to appear because the exposure temperature was 
not low enough or because the exposure time was insufficiently long. Our 
results, however, are not really in conflict with earlier findings since the latter 
have not been consistently observed in all species studied and were usually 
obtained under entirely different experimental conditions from those used in 
this study. 


In contrast to the poorly defined immediate changes, substantial changes 
in plasma and blood volume developed gradually in warm and cold exposed 
rats. It is clear that the plasma and blood volumes of cold acclimated rats 
were higher than those of warm acclimated rats whether expressed relative to 
the body weight or body water or in absolute terms. This well-marked shift 
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develops simultaneously with adjustments in energy metabolism characteriz- 
ing the acclimation process (7). Its physiological significance probably lies in 
the development of increased vascularity of tissues (13) during acclimation to 
cold, which would reflect an increased metabolic capability. 

It should be noted that the relatively larger blood volume of the cold 
exposed rats results from an absolute decrease with time in rats at 30° C. and 
an almost constant blood volume with time in rats at 6° C. (Fig. 1). There 
are two possible interpretations of the decreasing blood volumes in the control 
rats. First, it may be a normal consequence of continued exposure to a warm 
thermoneutral environment. The tendency of weight-relative blood volume 
to decrease with time or age has been previously observed (5, 16). Second, 
the absolute decrease in blood volume might be associated with acclimation to 
heat even though all the rats had been two weeks at 30° C. before any tests 
were made. Whatever the interpretation, the tendency of blood volume to be 
increased by lowered temperature is clear from this study. 

The hematological adjustments following exposure to cold should 
theoretically be related to the fluid volume adjustments, but there has been 
little consistency in the results of various observers on this problem. Unlike 
results obtained by Raievskaia (19) on rats, our observations and those of 
Stullken and Hiestand (23) on mice indicate that hemoconcentration is not 
a prominent feature in animals exposed to cold for several weeks. Our results, 
however, are unusual in showing an increase in packed cell volume during cold 
acclimation without increase in hemoglobin and red cell number, which can 
only mean that the volume of the red cell increased while its hemoglobin 
concentration declined. These minor hematological adjustments, which 
cannot be explained at present, do not appear to be related directly to the 
important blood volume change during acclimation to different temperatures. 
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HYDROLYSIS OF GLYCEROLPHOSPHATIDES BY 
PLASTID PHOSPHATIDASE C'? 


By Morris KATES 


Abstract 


Studies of the influence of structural variation in the glycerolphosphatide 
molecule on the hydrolysis of this class of compounds by plastid phosphatidase 
C showed that the presence of both fatty acid ester groups is necessary for 
enzymatic reaction; that release of nitrogenous bases occurred, in the presence 
of ethyl ether, from phosphatidyl cholines, phosphatidyl ethanolamine, and 
phosphatidyl serine; and that a phosphatidyl choline was hydrolyzed more 
rapidly than the corresponding phosphatidyl ethanolamine or phosphatidyl 
serine. The rate of hydrolysis of phosphatidyl choline was influenced greatly by 
the chain length and degree of unsaturation of the fatty acids. The corresponding 
phosphatidic acid formed in the hydrolysis of (dipalmitoyl)- or (dipalmitoleyl)- 
lecithin by carrot phosphatidase C was isolated. Studies on the hydrolysis of 
crude soybean phosphatide by phosphatidase C showed that both choline and 
ethanolamine were liberated in the anes of ethyl ether, at an optimum pH of 
4.8; in the presence of ether, the rate of liberation of each base was increased, 
and the pH optimum was between 4.8 and 6. Soybean phosphatide probably 
contains a substance that stimulates the enzymatic hydrolysis. 


Introduction 


The range of substrates hydrolyzed by the enzyme phosphatidase C? has 
not been thoroughly investigated. The work of Hanahan and Chaikoff 
(11, 12) had indicated that other nitrogenous bases besides choline were 
liberated enzymatically from soybean phosphatide by cabbage leaf or carrot 
root extracts. This observation was verified by Rose (27), who came to the 
conclusion that the phosphatidyl serine component of soybean phosphatide 
was hydrolyzed, rather than the phosphatidyl ethanolamine component. 
Recently, Tookey and Balls (32) found that cabbage or cottonseed ‘“‘phospho- 
lipase D’”? liberated ethanolamine from a soybean phosphatide preparation 
containing little or no phosphatidyl! serine, and concluded that the enzyme 
hydrolyzed the phosphatidyl ethanolamine component (as well as the phos- 
phatidyl choline component). 

In the past few years, the availability of pure individual phosphatides has 
made it possible to settle the question whether phosphatidase C acts on 
phosphatidyl ethanolamine and/or phosphatidyl serine. Investigation of the 
influence of structural variation in the lecithin molecule (e.g., number, chain 
length, and degree of unsaturation of the fatty acids) on the rate of hydrolysis 
of this class of compounds by phosphatidase C has also now become possible. 

This communication deals with the action of phosphatidase C from various 
sources on individual glycerolphosphatides, viz., lysolecithins, saturated and 

\Manuscript received May 31, 1956. 


Contribution from the Division of Applied Biology, National Research Council, Ottawa, 
Canada. Issued as N.R.C. No. 4035. 

2Jn this paper, the enzyme (or enzymes) which catalyzes the liberation of nitrogenous bases from 
glycerol phosphatides to form ore acid will be designated phos phatidase C. according to the 
terminology of Wittcoff (33) and of Hanahan (Progress in chemistry of fats and other lipids, 
Vol. 4, 1956). The term ‘phospholipase D" has also been used for this enzyme (32). 
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unsaturated lecithins, phosphatidyl ethanolamine, and phosphatidyl] serine. 
Some of the previous studies on phosphatidase C (18, 19, 20), using egg lecithin 
prepared by chromatography on alumina (14) (the product of which was 
shown to contain lysolecithin-like material (25) ), have now been repeated 
after purifying the substrate by chromatography on silicic acid (25). The 
action of the plastid enzyme on a crude phosphatide mixture, soybean 
phosphatide, has also been studied for comparison with the earlier work 
(11, 12, 27, 32). 
Materials and Methods 

Plastid Preparations 

Cabbage or spinach chloroplast fractions, and carrot root chromoplast 
fractions, were prepared as described previously (19). 
Substrates 

Egg lecithin was prepared by chromatography on alumina (Preparation 1) 
using the method of Hanahan, Turner, and Jayko (14), or the modified method 
of Hanahan (10); both methods gave essentially the same product (Table I). 
Chromatography of Preparation I on silicic acid according to Lea, Rhodes, 
and Stoll (25) yielded a product (Preparation II) analyzing closely for 
(linoleylstearoyl)-lecithin (cf. (10) ), and also a ‘‘lysolecithin”’ fraction (Table 
I), as was described by these authors. 

Egg hydrolecithin was obtained by catalytic hydrogenation of egg lecithin 
(Preparation I, 0.74 gm.) in methanol (30 ml., containing a few drops of 
acetic acid) with Adams’ catalyst (100 mgm.). After completion of the 
reaction (20 min., 2 moles Hz consumed), the mixture was diluted with 
chloroform, centrifuged to remove the catalyst, and concentrated in vacuo. 
The residue was dissolved in a minimum amount of chloroform and the 
product was precipitated by addition of 6 volumes of acetone. After two 
more precipitations from its solution in chloroform—methanol (1:1) by 
addition of acetone, the hydrolecithin was washed with acetone and ether, and 
dried im vacuo (yield, 0.59 gm., 80%). This material analyzed closely for 
(distearoyl)-lecithin (Table I). 

Yeast lecithin ( (dipalmitoleyl)-L-a@-lecithin (DPOL) ), (monopalmitoyl)- 
lecithin (MPL), and (monopalmitoleyl)-lecithin (MPOL) were generously 
provided by Dr. D. J. Hanahan (University of Washington). 

Yeast hydrolecithin was prepared by catalytic hydrogenation of yeast 
lecithin, as described for egg lecithin. The product was precipitated from 
methanol solution with 6 volumes of acetone (5° C.), filtered, washed with 
cold acetone and ether, and dried in vacuo (yield, 71%). The hydrolecithin 
analyzed for (dipalmitoyl)-lecithin (Table I). 

Samples of synthetic palmitoyl glycol lecithin (PGL), (dioleyl)-L-a@-lecithin 
(DOL), (distearoyl)-L-a@-lecithin (DSL), (dipalmitoyl)-L-@-lecithin (DPL), 
(dimyristoyl)-L-q@-lecithin (DML), (dimyristoyl)-L-a@-cephalin (DMC), 
distearoyl-L-a-glycerylphosphorylserine (DS-GPS), and _ L-a-glycerylphos- 
phorylcholine (GPC) were the generous gifts of Dr. Erich Baer (University 
of Toronto). 
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The soybean phosphatide preparation used was a product of Nutritional 
Biochemicals Corp., and was treated before use as follows (cf. (11) ): a 
petroleum ether solution of the material (10 gm./100 ml.) was cleared by 
centrifugation and washed with three portions of 0.05 N sulphuric acid and 
two of water. The phosphatides were recovered from the concentrated 
petroleum ether solution by precipitation with acetone (4 volumes), suspended 
in water, and dialyzed against tap water for 22 hr. The dialyzate was freeze- 
dried, the dried powder was dissolved in petroleum ether, and the phos- 
phatides were again precipitated with acetone (4 volumes). The recovered 
material was precipitated twice from ethyl ether solution by addition of 
acetone, washed with acetone, and stored in ethyl ether solution at 5° 
(recovery, 7 gm.). This material had 3.39% P, 1.14% N, N/P ratio, 0.745; 
4.23% choline, choline-N/P ratio, 0.32; 2.27% ethanolamine, ethanolamine- 
N/P ratio, 0.34; 0.41% serine, serine-N/P ratio, 0.04; 0.59% periodate-N, 
periodate-N/P ratio, 0.38. The presence of ethanolamine and serine was 
confirmed by paper chromatography (solvent, butanol — acetic acid — water, 
5 :3:1 (20) ) of an acid hydrolyzate of this material. 


Analytical Methods 


Phosphorus was determined by King’s method (23), glycerophosphate 
phosphorus by a modification (20) of Burmaster’s method (7), total nitrogen 
by the micro-Kjeldahl procedure, and bound fatty acids (20) and free choline 
(19) by previously described methods. The determination of bound choline 
(19) was modified as follows: The lecithin was saponified with 1 N aqueous 
sodium hydroxide (2 ml./25 mgm. lecithin) on a steam bath for 1.5 hr.; the 
mixture was acidified with glacial acetic acid (0.2 ml.), cooled, and filtered to 
remove fatty acids; the filter was washed with water, and free choline was 
determined in the filtrate (9 ml.) as before. 

Total a-amino alcohols (ethanolamine + serine) were determined by the 
periodate procedure of Artom (2), and ethanolamine and serine were deter- 
mined separately by the method of Axelrod, Reichenthal, and Brodie (3). 
L-a-Glycerophosphate was analyzed enzymatically by the method of Bublitz 
and Kennedy (6), using a dialyzed acetone powder preparation of rabbit 
muscle as enzyme source (17). 


Activity Measurement 


Lecithinase activity (choline-liberation) of chloroplast fractions was 
measured as described previously (19, 20), with the following modifications: 
the reaction was stopped by addition of 1 N perchloric acid, and the ether 
extracts were removed with a syringe pipette (rubber bulb). 

When the synthetic lecithins, DMC, or DS-GPS were used as substrates, 
they were dispersed in the acetate buffer by vigorous shaking for five minutes 
on a wrist-action shaker, immediately before addition of the plastids. Activity 
measurements with soybean phosphatide, mixtures of DMC and DPOL, or 
DS-GPS as substrate were carried out as described for the lecithinase activity 
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measurements, except that the aqueous phase of the hydrolyzate was also 
analyzed for ethanolamine and/or serine, respectively. 

All results were corrected for blanks with substrate omitted and are given 
as percentages of available nitrogenous bases present in the substrate. Most 
of the substrates used contained no free choline or other base. A few contained 
1-2% of free base and the results were corrected accordingly. 


Experimental and Results 


Hydrolysis of Choline-containing Substrates 

The action of cabbage chloroplasts on GPC, lysolecithins, and a series of 
lecithins containing fatty acids of varying chain length and degree of 
unsaturation is given in Table II. GPC, glycol lecithin, and the lysolecithins 
were not hydrolyzed either in the presence or in the absence of ethyl ether. 
None of the lecithins, except DOL, were hydrolyzed appreciably in the 
absence of ether and all were hydrolyzed in its presence. The rate of 
hydrolysis of the saturated lecithins increased as the fatty acid chain length 
decreased from Cis to Cy, (cf. DSL, DPL, and DML). A lecithin containing 
Cis unsaturated fatty acids (DOL or egg lecithin) was hydrolyzed at a greater 
rate than the corresponding hydrolecithin (DSL or egg hydrolecithin, respec- 
tively). However, the lecithin containing a Cis unsaturated fatty acid 


TABLE II 
HYDROLYSIS OF CHOLINE-CONTAINING PHOSPHATIDES BY CABBAGE PHOSPHATIDASE C 
Mixtures contained indicated amount of substrate, 90-92 mgm. of cabbage chloroplasts, 


0.5 ml. of 1 M acetate buffer (pH 5.5), and water to 5.0 ml.; incubation with or without 3 ml. 
of ethyl ether at 25° 








% Liberation of choline 











Choline 
available, With ether Without ether 
Substrate pumoles 
15 min. 60 min. 60 min. 
Glycerylphosphorylcholine* 45.2 — <a 0 
Palmitoyl! glycol lecithin 32.0 — 0 0 
(Monopalmitoyl)-lecithin 32.3 — < 8 0 
(Monopalmitoley])-lecithin 32.3 — = 7% 0 
Egg lecithin 

Preparation I 31.5+0.8° 46+7° 76 +6° 1 
Preparation II 31.8+0.7° 65+7° 92+3° 0 
“Lysolecithin” fraction 29.2 — 22 — 
Egg hydrolecithin 32.2 24 52 2 
Yeast lecithin 31.8+0.3° 46+9° 73+8° 4 
Yeast hydrolecithin 31.0 51 72 — 
(Dioleyl)-lecithin 30.8 56 63 25 
(Distearoyl)-lecithin $2.2 22 41 1 
(Dipalmitoy])-lecithin 32.7 68 81 1 
(Dimyristoy])-lecithin 32.1 83 95 1 





*GPC was incubated with spinach chloroplasts at pH 4.7 for 30 min. 
>Values are averages, with mean deviations, of three or four separate determinations. 








972 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


(DPOL (yeast lecithin) ) was hydrolyzed at almost the same rate as the 
corresponding hydrolecithin (yeast hydrolecithin), but more slowly than the 
synthetic DPL. 

Egg lecithin preparation II was consistently hydrolyzed more rapidly than 
Preparation I, which contained about 15% of “‘lysolecithin” fraction (Table 
1). This ‘‘lysolecithin” fraction, in contrast to the pure lysolecithins (MPL 
and MPOL), was hydrolyzed at an appreciable rate (22% per hour), but much 
more slowly than the purified egg lecithin (Preparation II). 


Hydrolysis of Egg Lecithin II by Spinach Chloroplasts 

For further comparison with the results obtained previously using egg 
lecithin Preparation I as substrate (20) the course of the hydrolysis of egg 
lecithin Preparation II by spinach chloroplasts was investigated. Fig. 1 
shows the time-course for the liberation of inorganic P, water-soluble organic 
P, and choline, and the distribution of P and choline among the aqueous, 
ether, and insoluble (plastid) phases of the reaction mixture at the various 
times (see (20) for details). 

The curves for liberation of inorganic P, water-soluble organic P, and 
choline were very similar to those previously obtained with egg lecithin I 
(20), except that choline liberation was more rapid (average first order reaction 
constant k, 0.12 min.~!) and reached a higher final value, 87%, after 30 min. 
This low choline recovery again could be accounted for by the formation of 
water-soluble organic P (phosphorylcholine) to the extent of 12% after 30 min. 

The present investigation also reveals some interesting points about the 
early stages of the hydrolysis. In the first 15 min. of the reaction, part of 








100 T T T T T T T T T T T T T T T T T T 
PHOSPHORUS CHOLINE 
a ¥ ” 
> om? J 
80\Y — -AQUEOUS, FREE CHOLINE + 
7 ETHER, ORGANIC P 
60}- - 4 







40 
AQUEOUS, INORGANIC P-~ 
' -— ETHER, BOUND CHOLINE 


20r- AQUEOUS, ORGANIC P ¢ 4 


Zz — o) 





-- RESIOVE, BOUND CHOLINE 
RESIDUE, ORGANIC P 


DISTRIBUTION OF AVAILABLE P OR CHOLINE, % 


v4 ry 


=> fh. 


40 60 80 ° 20 40 60 80 














° 








TIME, MINUTES 


Fic. 1. Kinetics of distribution of phosphorus and choline among aqueous, ether, and 
insoluble phases during hydrolysis of silicic-acid-chromatographed egg lecithin. Reaction 
mixtures: 106 mgm. spinach chloroplasts, 31.9 umoles lecithin, and acetate buffer (0.1 M, 
pH 4.7), in total volume of 5.0 ml. Experimental details given in previous paper (20). 
Values for insoluble phase obtained bv analvsis of ethanol—chloroform (4 : 1) extract. 
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the unreacted lecithin apparently forms an ether-insoluble complex with the 
chloroplasts; as the reaction proceeds, the P and choline associated with the 
complex decrease, in parallel fashion, to very small amounts when no more 
lecithin is present (30 min.). During the same period, ether-soluble P rises 
to a maximum, while ether-soluble choline falls rapidly, consistent with 
hydrolysis of lecithin to form phosphatidic acid. The lag period in inorganic 
P liberation corresponds to the rise in ether-soluble P, and the subsequent 
rate of inorganic P liberation after 15 min. corresponds with the rate of 
decrease in ether-soluble P. This is consistent with phosphatidic acid being 
the direct source of inorganic P liberation (20). In general, then, the pattern 
of hydrolysis previously observed with egg lecithin I (20) is confirmed by the 
present results. 


Isolation of Phosphatidic Acid After Enzymatic Hydrolysis of (Dipalmitoleyl)- 

lecithin (Yeast Lecithin) 

Yeast lecithin (302 mgm., containing 391 wmoles of P and of choline) was 
incubated with carrot chromoplasts (915 mgm.) at pH 5.7 in the presence of 
ether, as described previously (20). After 100 min. at 25°, 91% of the choline 
had been released, and the P was distributed as follows: 7.1% water-soluble, 
14.3% residue-bound (methanol-extractable), and 75.2% ether-extractable. 
All of the ether-soluble P was recovered as sodium phosphatidate by the 
previously described procedure (20). The sodium salt (274 mgm., 4.2% P) 
was converted to the free phosphatidic acid (246 mgm. of yellowish oil), the 
analytical data of which were not completely in agreement with a phosphatidic 
acid containing Cy. fatty acids (Table III). The product was contaminated 
with about 20% of phosphatidic acid derived from the phospholipids present 
in the chromoplasts. From 915 mgm. of carrot chromoplasts, there was 
obtained, by the above treatment, 58.5 mgm. of sodium phosphatidate con- 
taining 3.93% P; the free acid (50.7 mgm.) had 4.07% P, 0.02% N, 80.5% 
fatty acid (neutral equivalent, 315), and fatty acid/P ratio, 1.95. 

The phosphatidic acid obtained after hydrolysis of yeast lecithin was 
reconverted to the sodium salt by diluting its ether solution (120 mgm. in 
2.5 ml.) with 4 volumes of 99% ethanol, clearing the solution by centrifugation, 
and neutralizing with 0.5 N alcoholic sodium hydroxide. The precipitated 
sodium salt was washed with ethanol, dissolved in ether, and the cleared 
solution was concentrated in vacuo to dryness. The dried sodium salt (110 
mgm.) now analyzed more closely for a phosphatidic acid containing Cis fatty 
acids (Table ITI). 


Isolation of Phosphatidic Acid After Enzymatic Hydrolysis of (Dipalmitoyl)- 
lecithin (Yeast Hydrolecithin) 
Yeast hydrolecithin (299 mgm., containing 405 wmoles P and 397 yumoles 
choline) was incubated with carrot chromoplasts (970 mgm.) as described for 
*In the present work, acidification of the reaction mixture probably affected the complex formation; 
evidence for complex formation in the absence of acidification is presented in a following paper 


(22). The residue-bound choline and P previously found after 30 min. hydrolysis of egg lecithin I 
(20) probably is due to the “‘lysolecithin"’ fraction. 
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TABLE III 


ANALYSIS OF PHOSPHATIDIC ACID ISOLATED AFTER HYDROLYSIS OF DIPALMITOLEYL 
LECITHIN BY CARROT PHOSPHATIDASE C 

















Free acid Purified sodium salt 
Found Calc.* Found Calc. 
%P 4.62 4.81 4.47 4.50 
%N 0.02 0 —- 0 
N/P, atomic ratio 0.008 0 —- 0 
Neutral equivalent 341 323 — — 
Equivalents acid/P, ratio 1.97 2.00 — -= 
% Fatty acids 79.0 78.8 76.5 73.8 
Neutral equivalent 279 254 258 254 
Fatty acid/P, molar ratio 1.90 2.00 2.05 2.00 
a 1.00 1.00 1.00 
Total GPP’ atomic ratio ‘ ‘ 
L-a-GP 
Taal GP , molar ratio*® 1.00 1.00 — 1.00 





*Calculated for dipalmitoleyl-L-a-glycerophosphoric acid, C3sHesOsP (M.W. 645). 

’Calculated for disodium dipalmitoleyl-L-a-glycerophos phate, C3sHosOsP Naz (M.W. 689). 

‘After saponification of the material, 80% of the P was recovered in barium glycerophos phate; 
a-GP determined by periodate method (7); L-a-GP determined enzymatically (6). 


yeast lecithin. After two hours, 92.5% of the choline had been released, and 
the P was distributed as follows: 6.6% water-soluble, 20.3% residue-bound 
(extractable with chloroform—methanol (1 : 10) ), and 42% ether-extractable. 

The low total recovery (69%) of P from the mixture and the low P value 
in the ether extract may be caused by formation of a highly insoluble complex 
between the phosphatidic acid and the proteins of the plastids. Nevertheless, 
all of the ether-soluble P was recovered as a sodium salt, which, in contrast to 
that obtained from the unsaturated lecithins (egg or yeast lecithin), was 
almost entirely ether-insoluble. This property made it possible to free the 
product from most of the phosphatidate derived from the phospholipids of 
the chromoplasts. 

The crude sodium salt precipitate (145 mgm.) was extracted several times 
with ethyl ether, which removed the yellow pigments and 21 mgm. of con- 
taminating unsaturated phosphatidate. The white powder was suspended in 
50 ml. of chloroform-ether (1:10) containing 16 mgm. of trichloracetic 
acid and the mixture was shaken with 5 ml. of 0.3 N hydrochloric acid until 
the salt had completely dissolved. The ether solution was washed twice 
more with acid and then with water, dried over sodium sulphate, and con- 
centrated in vacuo to a white solid, weighing 112 mgm. and having 4.82% P. 
After two crystallizations from acetone, the product weighed 48 mgm., 
melted at 65.5-66.5° (sint. 64.5° (uncorr.) ), and had 4.71% P (m.p. of 
synthetic dipalmitoyl-L-a-glycerophosphoric acid, 70-71° (5); m.p._ of 
synthetic compound in present apparatus, 68-69° (20); calc. for C3;HegOsP: 
4.77% P). 
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Hydrolysis of Ethanolamine- and Serine-containing Phosphatides 


Cabbage chloroplasts liberated ethanolamine from synthetic phosphatidyl 
ethanolamine in the presence of ethyl ether but not in its absence (Table IV). 
Synthetic phosphatidyl serine was hydrolyzed very slowly (<3%/hour) in 
the absence of ether and faster (8%/hour) in the presence of ether. The 
components of a mixture of synthetic phosphatidyl ethanolamine and yeast 
lecithin were hydrolyzed at the same rates as the individual components, in 
the presence of ether, but not at all in the absence of ether. 

In contrast, both choline and ethanolamine were released from soybean 
phosphatide in the absence of ethyl ether; however, in its presence the rates 
of liberation were increased (Table IV). An accurate estimation of the 
amount of serine liberated enzymatically was difficult to carry out, because 
of the small amount of serine present in the substrate (0.4%) and the 
relatively large amounts present in the blanks. Nevertheless, it may be 
stated that some serine was liberated from the substrate in the presence 
of ether. 


Hydrolysis of Soybean Phosphatide 

The hydrolysis of soybean phosphatide by cabbage chloroplasts was 
investigated further to determine some of the characteristics of the ether- 
stimulated and non ether-stimulated reactions. Activity-pH measurements 
(Fig. 2) showed that in the presence of ether there was a broad maximum, 
between pH 4.8 and 6, for the release of both choline and ethanolamine 
(+ serine). Surprisingly, however, in the absence of ether, a sharp maximum 
was observed at pH 4.8 for both choline and ethanolamine (+ serine) 
liberation. It is interesting that the pH optimum of 4.8 is the same as that 
for spinach and sugar beet chloroplasts in the presence of ether (19). 

Time-course curves for the release of choline and ethanolamine (+ serine) 
in the absence and in the presence of ether are shown in Fig. 3. The first 
order velocity constants (&) for all the curves were fairly constant in the early 
stages of the reactions (up to 50% liberation of choline, and 25% liberation of 
ethanolamine). In the absence of ether, the average k values were 0.038 
min.~! and 0.022 min. for choline and ethanolamine, respectively; in the 
presence of ether, the & values were 0.076 min.~! and 0.031 min. for choline 
and ethanolamine, respectively. 

Heat treatment of cabbage chloroplasts for 10 min. at 70° completely 
destroyed both the choline and ethanolamine liberating ability, as was reported 
by Tookey and Balls (32). 


Discussion 


The results of the present investigation show that certain structural 
variations in the glycerolphosphatide molecule influence the activity of 
plastid phosphatidase C toward this class of compounds. The enzyme acts 
only when two fatty acid ester groups are present in the substrate molecule, 
since GPC, glycol lecithin, and lysolecithin are unaffected (Table II). 
Nitrogenous base is released from phosphatidyl cholines, from phosphatidyl 
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Fic. 2._ Effect of pH on liberation of choline and ethanolamine (+ serine) from 
soybean phosphatide, in absence and in presence of ethyl ether. Reaction mixtures: 100 
mgm. cabbage chloroplasts, 75 mgm. substrate (containing 26.2 moles choline and 
31.6 wmoles ethanolamine + serine) and acetate buffer (0.1 4), in total volume of 5.0 ml. 
Ethanolamine + serine determined by periodate method (2). 
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Fic. 3. Kinetics of choline and ethanolamine (+ serine) liberation from soybean 
phosphatide in absence and in presence of ethyl ether. Reaction mixtures as in Fig. 2. 
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ethanolamine, and from phosphatidy! serine, but the rates of hydrolysis are 
greatly influenced by the nature of the nitrogenous base, and by the chain 
length and degree of unsaturation of the fatty acids. 

In general, a phosphatidyl choline was hydrolyzed more rapidly than the 
corresponding phosphatidyl ethanolamine or phosphatidyl serine (cf. DML 
with DMC, and DSL with DS-GPS, Tables II and IV); direct comparison of 
the relative rates of hydrolysis of phosphatidyl ethanolamine and phosphatidyl 
serine could not be made because neither (distearoyl)-phosphatidyl ethanol- 
amine nor (dimyristoyl)-phosphatidyl serine was available. 

The rate of hydrolysis of saturated lecithins increased with decreasing fatty 
acid chain length, but the influence of fatty acid unsaturation did not appear 
to follow a general trend. Although lecithins containing Cs unsaturated 
fatty acids were hydrolyzed more rapidly than their corresponding hydro- 
lecithin, the Ci, unsaturated lecithin (yeast lecithin) was hydrolyzed at the 
same rate as its corresponding hydrolecithin and more slowly than the 
synthetic (dipalmitoyl)-lecithin.‘ 

Similar results have been reported for other lecithinases. Hanahan, Rodbell, 
and Turner (13) found that (dipalmitoyl)-lecithin was hydrolyzed by 
lecithinase A faster than (dipalmitoleyl)-lecithin, in 95% ethyl ether — 5% 
alcohol. In 98% ether — 2% alcohol, these substrates were hydrolyzed at 
identical rates by lecithinase D (Clostridium perfringens type A toxin) (15). 
Long and Maguire (26) have reported that lecithinase D hydrolyzes egg 
lecithin in an aqueous medium, but showed. no activity toward egg hydro- 
lecithin. In ether-containing medium, this enzyme may be expected to show 
some activity towards egg hydrolecithin, as was found in the present work 
with phosphatidase C. 

The present results obtained with soybean phosphatide show that both 
choline and ethanolamine were liberated by the action of cabbage chloroplasts 
in the absence of ether, the pH optimum for liberation of both bases being 4.8. 
In the presence of ether, the rates of liberation were greatly increased and the 
pH optimum was between 4.8 and 6. These observations may explain some 
of the earlier results obtained with soybean phosphatide. 

In the work of Hanahan and Chaikoff (11, 12), incubation of substrate with 
buffer and enzyme was followed by ether extraction. The kinetic data which 
they obtained would therefore be accounted for by the reaction occurring 
partly before addition of ether and partly during the extraction with ether. 
The broad pH optimum between 5 and 6, which they observed, is certainly 
indicative of an ether-stimulated reaction. The slow liberation of a-amino 
alcohols from soybean phosphatide at pH 5.9 in the absence of ether, observed 
by Rose (27), would be expected of the non ether-stimulated reaction at that 
pH (see Fig. 2, this paper). The negative result obtained by Rose with 
synthetic (palmitoyl-linoleyl)-8-phosphatidyl ethanolamine may be due either 

‘It is possible that the sample of yeast lecithin used might have contained some “‘lysolecithin’’ (see 


(25) dy which would reduce the rate of hydrolysis. However, the analysis supplied with the specimen 
(4.01% P, 1.82% N, 15.7% choline, hydrogen No. 372) does not support this possibility. 
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to the fact that this substrate has the unnatural B-structure (4), or perhaps to 
ineffectiveness of the bile salts used to stimulate hydrolysis (see following 
paper (21) ). 

The observed liberation of ethanolamine from soybean phosphatide cannot 
be attributed entirely to hydrolysis of the phosphatidyl ethanolamine com- 
ponent, as long as the complete composition and chemical structure of the 
component phosphatides remain unknown. Whereas lecithin (31), phos- 
phatidyl ethanolamine (29), and a nitrogen-free inositol phosphatide (28) 
have been isolated from soybean phosphatide, an ethanolamine-containing 
inositol phosphatide may also be present (24, 8, 9, 30, 34, 16). 

With regard to the liberation of bases from soybean phosphatide in the 
absence of ether, it is possible that this substrate contains some material, 
perhaps an anionic surface-active agent, which stimulates plastid activity (see 
following paper (21) ). The presence of Cis unsaturated fatty acids (oleic, 
linoleic) in the lecithin component of soybean phosphatide (31) may also 
contribute to this effect since pure (dioleyl)-lecithin is hydrolyzed in the 
absence of ether (Table II). 

The present results have of course no bearing on the question whether 
plastid phosphatidase C is one enzyme with low substrate specificity, or a 
mixture of enzymes each specific for one class of glycerolphosphatides. The 
recently reported soluble preparation of this enzyme from cottonseed (32) and 
from barley malt (1) should make it, possible to investigate this problem. 
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ERUCIC ACID AND CHOLESTEROL EXCRETION IN THE RAT! 
By K. K. CARROLL AND R. L. NOBLE 


Abstract 


Erucic acid has been found to increase the excretion of endogenously produced 
cholesterol in the rat with little change in the cholesterol concentration in the 
carcass except for increased concentrations in the adrenals and liver. The fecal 
cholesterol was identified by melting point and infrared spectrum after isolation 
by chromatography on alumina. It does not appear to originate in the liver 
since no increase was observed in the biliary excretion of cholesterol. Other 
homologues of oleic acid, namely eicosenoic and nervonic acid, produced similar 
changes in fecal cholesterol excretion, although oleic acid itself had little effect. 
A series of saturated fatty acids from butyric (C4) to behenic (C22) were tested 
and the longer chain members found to cause some increase in cholesterol 
excretion. Ester cholesterol accounted for much of the observed increases but 
varied greatly in the experiments with unsaturated fatty acids. A preparation 
of cerebrosides from beef spinal cord also increased the amount of cholesterol 
excreted in the feces. The fatty acid fraction from this preparation gave a 
similar result, although the cerebrosides gave rise mainly to free cholesterol and 
the fatty acid fraction to ester cholesterol. 


Introduction 


Previous reports from this laboratory (5, 6) have shown that feeding rape 
oil to rats caused an accumulation of cholesterol in the adrenal cortex, an 
effect which is apparently produced by erucic acid, one of the component 
fatty acids of rape oil. A similar result was obtained with nervonic acid, a 
homologue of oleic and erucic acids which is present in cerebrosides and 
sphingomyelin. The cholesterol content of other organs and tissues was 
generally not affected by rape oil with the exception of increased concentrations 
observed in the liver and the ovary (5, 7). These studies have now been 
extended to an investigation of the fecal excretion of cholesterol by rats fed 
various individual fatty acids in sterol-free synthetic diets. 


Materials and Methods 


Male rats of the Sprague-Dawley strain, weighing 80-90 gm., were used in 
these experiments. They were usually caged in groups of three, and the food 
intake and fecal output were measured for the group, although the results are 
expressed as amounts per rat. The feces were discarded for the first two 
days, then they were collected and the food intake was measured for two 
successive eight-day periods. The diets were continued for a total of 21 days 
when measurements were made of tissue cholesterol levels. 

The diets had the following composition, calculated on a per cent by weight 
basis: casein 19-23%, fatty acid 0-15%, salt mixture 4-5%, glucose to make 
100%. To these were added a vitamin supplement and 5 gm. per 100 gm. of 
diet of cellu flour. The casein was varied with the fatty acid content so that it 
supplied approximately 20% of the calories, but no allowance was made for 


1Manuscript received May 11, 1956. 


Contribution from the Collip Medical Research Laboratory, University of Western Ontario, 
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calories added in the form of vitamin supplements. The salt mixture was 
also increased from 4 to 5% in the diets containing 10 or 15% of fatty acid since 
these diets contain more calories per gram. The sources-of the materials were 
as follows: casein—Champlain Milk Products, Stanbridge Station, Quebec; 
dextrose—Ingram and Bell, Toronto; salt mixture—as prepared by Steenbock 
and Nelson (26); cellu flour—the Chicago Dietetic Supply House, Inc., 
Chicago, Ill.; nervonic acid—synthesized from erucic acid as described 
previously (6); erucic and behenic acids—Archer-Daniels-Midland Co., 
Midland, Mich.; a-hydroxybehenic acid—synthesized from behenic acid via 
a-bromobehenic acid by the method used by Miiller (22) for a-hydroxy- 
lignoceric acid; eicosenoic acid—Dr. B. M. Craig, Prairie Regional Laboratory, 
Saskatoon, Sask.; stearic, palmitic, and oleic acids—Nutritional Biochemicals, 
Cleveland, Ohio; other acids—Eastman Kodak, Rochester, N.Y. The erucic 
and oleic acids were purified by fractional distillation of their methyl esters, 
followed in the case of erucic acid by recrystallization of the regenerated acid 
from alcohol (m.p. 32°-33° C.). The behenic acid was recrystallized twice 
(m.p. 80°-81°C.) and the a-hydroxybehenic once (m.p. 96°-97° C.) from 
alcohol. Other acids were used without purification. Cerebrosides were 
prepared from beef spinal cord and hydrolyzed by the methods of Carter and 
his associates (8, 9) to obtain the fatty acid fraction. 

A water-soluble vitamin mixture was prepared by dissolving 50 mgm. of 
thiamine hydrochloride, 50 mgm. of pyridoxine hydrochloride, 2 mgm. of 
biotin, 10 gm. of choline, and 1 gm. of inositol in 30 cc. of water, then adding 
100 mgm. of riboflavin, 500 mgm. of nicotinic acid, 590 mgm. of calcium 
pantothenate, and 5 mgm. of folic acid to 50 cc. of alcohol. The two solutions 
were then mixed, made to 100 cc. with water, and 1.5 cc. added per 100 gm. 
of diet. In some preliminary experiments (Table I) a fat-soluble vitamin 
mixture consisting of 5 gm. cod liver oil, 5 gm. wheat germ oil, and 50 mgm. 
of vitamin K in 10 gm. of corn oil was also added at the rate of 1.5 cc. per 
100 gm. of diet. 

In most experiments the fecal sterol was measured colorimetrically by the 
Sperry—Webb procedure (25). Weighed aliquots (about 100 mgm.) of dried, 
powdered feces were extracted with 3 X 3 cc. of boiling acetone: alcohol 
(1:1), the combined extracts were made to 10 cc., filtered, and a 2-3 cc. 
aliquot used for the determination. In some cases the fecal sterol was also 
measured gravimetrically. _Twenty-gram samples of feces were extracted 
with ether in a Soxhlet and the extracts were saponified for three hours with 
20-30 cc. of 10% potassium hydroxide in alcohol. The hydrolyzate was 
poured into 100 cc. of water and the non-saponifiable fraction extracted with 
ether. The residue from the dried ether was dissolved in 50 cc. of acetone- 
alcohol (1 : 1) and a 5 cc. aliquot was acidified with a few drops of dilute acetic 
acid and allowed to stand overnight with an excess of digitonin in aqueous- 
alcohol (25). The precipitate was filtered and dried and the sterol calculated 
from the weight of digitonide, using the conversion factor for cholesterol. 





oO 
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The nature of the fecal and adrenal sterols was further elucidated by 
chromatography on alumina. For this purpose, the fecal sterols were extracted 
with ether as described above and the adrenal sterols were extracted with 
boiling acetone—alcohol (1:1). They were hydrolyzed with 10% potassium 
hydroxide in 60% ethanol. The non-saponifiables were then extracted directly 
with petroleum ether (35°-60°), and the extracts were washed with 20% 
ethanol. The residues from the petroleum ether were chromatographed 
on columns (1.0 cm. X 12 cm.) of alumina,’ eluting with petroleum ether, 
followed by mixtures of benzene and petroleum ether. 

For the determination of biliary cholesterol, the bile (4 cc.) was diluted with 
5 volumes of ethanol, heated at 70°—-80° for five minutes, filtered, and the 
cholesterol extracted with 3 X 30 cc. of light petroleum ether (13). The 
residue from the petroleum ether was taken up in 10 cc. of acetone—alcohol 
(1:1) and a 3 cc. aliquot used for determination of cholesterol by the Sperry- 
Webb procedure. 

Adrenal and liver cholesterols were measured colorimetrically as in earlier 
experiments. Carcass cholesterol was determined by dissolving the entire rat 
in 30% potassium hydroxide in alcohol at room temperature, making the 
solution to 500 cc. with alcohol, and preparing a choloroform — petroleum 
ether extract from a 10 cc. aliquot as described by Mider, Sherman, and 
Morton (21). The residue from this extract was taken up in 50 cc. of acetone— 
alcohol (1:1) and a 1 ce. aliquot used for the colorimetric determination 
of cholesterol. 

The coefficient of digestibility of the fatty acids was determined in a manner 
similar to that used by Augur, Rollman, and Deuel (1). It represents 
essentially the percentage of the ingested fatty acid which is absorbed or 
otherwise metabolized by the animal. 


Results 


Effect of Fatty Acids on Fecal Sterol Excretion 

A few preliminary experiments were carried out with diets containing 
varying concentrations of erucic or nervonic acid with results which indicated 
that much more sterol was excreted than on a comparable diet free of fat 
(Table 1).2 Some of this increase could be accounted for by the fact that 
these fatty acids, particularly nervonic, were poorly absorbed and the bulk 
of feces was correspondingly increased, but in addition to this the actual 
concentration of sterol (mgm./gm. of feces) was also higher than on a 
a fat-free diet. 

On the basis of these results, a further series of tests were carried out in 
which various individual fatty acids were fed to rats as 10% by weight of the 
diet. The fat-soluble vitamin mixture was omitted in these experiments since 

**Woelm" non-alkaline alumina obtained from Alupharm Chemicals, 54 C Street, Elmont, L.1., 
N.Y. It was converted to Grade III activity by addition of water. 

’The control diet actually contained small amounts of fat added with the fat-soluble vitamins and 


it was later found that the casein used for these experiments contained 2°; of ether-extractable 
material. 
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it was found to contain appreciable amounts of material which precipitated 
with digitonin and gave a color with the Liebermann-Burchard reagent. On 
the modified diets, rats ingested less than 0.1 mgm. of chromogenic sterol per 
day, so the fecal sterol came almost entirely from endogenous sources. 

These experiments confirmed the finding that erucic acid had a pronounced 
effect on the excretion of fecal sterol (Table II). A’similar result was obtained 
in a single experiment with a highly purified preparation of the Coo homologue, 
eicosenoic acid, but oleic acid appeared to have little if any effect. The methyl 
and ethyl esters of erucic acid were nearly as effective as the free acid. Among 
the saturated fatty acids, the group from behenic (C2) to myristic (Cj4) 
caused some increase in sterol excretion while those with shorter chain from 
lauric (Cy) to butyric (Cy) had no appreciable effect. The long chain 
saturated fatty acids were poorly absorbed and the resulting increase in fecal 
bulk accounted for most of the increase in sterol excretion. 


Nature of the Fecal Sterol 


In addition to cholesterol, feces are known to contain coprostanol and 
several “‘fast-acting’’ sterols, and the former produces less than half as much 
color with the Liebermann-Burchard reagent, while the latter produce con- 
siderably more color than cholesterol on a molar basis (10). In spite of this, 
the results which we obtained colorimetrically were found to correspond 
fairly well with values obtained by isolating and weighing the digitonides 
(Table III). 

Separation of the fecal sterols by chromatography on alumina furnished 
further evidence that the increases in fecal sterol on diets containing erucic 
acid were really increases in the cholesterol fraction (Fig. 1). When diets 
containing either 10% oleic or 10% erucic acid were fed, the non-saponifiable 
material from the feces yielded four main fractions. Fraction 3, corresponding 
to coprostanol, was incompletely separated from fraction 2, but fraction 4 
contained relatively pure cholesterol. In the erucic acid experiment, the 
coprostanol and cholesterol were further identified by melting point, mixed 
melting point, and by their infrared spectra.‘ Fractions 1 and 2 were not 
characterized further. It is readily seen from the chromatograms that the 
fecal cholesterol was greatly increased relative to the other sterols when erucic 
acid was added to the diet. 

Evidence had previously been presented that the non-saponifiable material 
which accumulated in the adrenals under the influence of erucic acid was 
cholesterol (5), and this has been further substantiated by chromatographing 
the adrenal non-saponifiable fraction on alumina (Fig. 1). 


The increase in cholesterol in adrenals, liver, and ovaries observed in our 
earlier experiments was mainly in the esterified fraction and it was of interest 
to determine whether this was also true of the fecal cholesterol. The results 
showed that when diets containing no fat, short chain fatty acids, or oleic 


‘The authors wish to thank Mr. R. W. White of the Science Service Laboratory, Department of 
Agriculture, London, Ontario, for the infrared spectra measurements. 
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4 TABLE I 
n EFFECT OF FATTY ACIDS ON STEROL EXCRETION 
r = ees = SS = = = = 
. Fecal sterol 
1 ; ; Coeff. of ae - 
; Fatty acid fed digestibility* No. of rats Mgm./gm. feces Mgm./rat/day 
( - siheehimathtaiagniontintiemntgensibndaine saiidttenadeenented ssnctiaipeaimabihates ici -" 
a None — 6 6.1 5.6 
| Erucic (10%) 58 6 23.1 29.6 
g (5%) 53 3 7.9 10.5 
) Nervonict (15°) 22 2 1.5 32.5 
(10%) 24 2 9.6 17.3 
- (10%) 10 2 6.0 14.0 
n (cincinnati - . . - oe . 
al *Coefficient of digestibility 
|fat ingested] = lfat excreted (corrected for metabolic fat )| x 100. 
fat ingested 
+A mixture of cis and trans isomers was used in the first two experiments. Pure cis isomer was 
used in the third. These tests were done on individually caged rats. The effect of the diets on 
, adrenal cholesterol was reported previously (6). 
iC 
h a " 
rABLE II 
1- 
Ss EFFECT OF FATTY ACIDS ON STEROL EXCRETION 
id (Fat-soluble vitamins omitted from the diets) 
eS = — a = —— = —<—<—< — 
Final Fecal sterol 
d Coeff. of No. of 2 — - 
A Fatty acid fed digestibility rats weight* Mgm./gm. /feces Mgm./rat/day 
ic — seatiaes scanbeniriantdiecinse alec ‘thscigtelitdsiaediaiilaplalag ie botanaciaidcamaaeen + a 3 ame ; 
ts None —- 21 164 + 2.6t 4.4 4.2+0.4+t 
le Mono-unsaturated fatty acids 
Erucic 52 12 145 + 4.0 12.9 15.8+2.5 
1g Methyl ester 55 6 140 + 3.8 8.3 10.0+0.9 
4 Ethy! ester 59 6 141 + 7.0 12.1 15.2+2 
he Eicosenoic 64 3 143 + 7.3 9.7 10.3 
Oleic 85 9 176 + 3.0 4.9 4.7+0.4 
ed Methyl ester 96 6 162+8.5 4.5 3.3405 
ot Saturated fatty acids 
he Behenic 7 3 163 + 6.8 3.5 ae 
* a-Hydroxybehenic 9 3 177 + 3.2 2.8 6.6 
- Stearic 12 12 159 + 3.9 5.1 8.8+0.7 
Palmitic 48 9 149 + 5.0 6.1 8.7+0.6 
jal Myristic 65 6 142 + 5.0 $.2 6.2+0.3 
as Lauric 86 6t 1114+10.6 3.8 2.2+0.2 
- Capric 99 6 135 + 3.3 4.2 2.4+0.2 
g Caprylic 100 6 151+3.4 3.2 2.44+0.3 
Sodium salt 100 3 158 + 2.2 3.7 2.8 
ur Caproic _ 
Sodium salt 100 3 156 + 3.8 B.@ 2.7 
st Butyric 
its Sodium salt 100 3 164 + 2.7 2.5 ee 
‘ic —— 
*The average initial body weight of the groups varied from 83 to 87 gm. 
of tStandard error of the mean. 
tT wo animals died on this diet. 
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TABLE III 


COMPARISON OF COLORIMETRIC AND GRAVIMETRIC METHODS FOR 
DETERMINING FECAL STEROLS 








Fecal sterol (mgm./rat/day ) 











Fatty acid fed Colorimetric Gravimetric 
None 2.8 a 
Erucic 21.5 20.4 
Oleic 4.8 5.3 
Behenic 7.7 12.6 
a-Hydroxybehenic 6.6 10.0 
Stearic 9.8 7.6 
Palmitic 7.9 9.8 
Lauric 2.3 3.9 
Caprylic, sodium salt 2.8 3.7 
Butyric, sodium salt + 3.5 





acid were fed, the sterol was excreted almost entirely in the free form, but 
when fatty acids were fed which increased the fecal sterol excretion, most of 
the increase was in the esterified fraction (Table IV). This is in agreement 
with the results of Pihl (23). 


DIET - 10% OLEIC ACID 
mgm 98 mgm. non-saponifiable 


Le JL from 10 gm. feces 
ie) 5 10 15 


20 Fraction no 








OIET-10% ERUCIC ACID 











mgm 105 mgm. non-saponifiable 
a from 10 gm feces 
1°] 5 10 15 20 Fraction no 
CONTROL 
mgm 15 mgm. COPROSTEROL 
a 40mgm CHOLESTEROL 
° 5 10 15 20 Fraction no 


DIET-10-15% ERUCIC ACID 








mgm 35mgm. non-saponifiable 
“I Ze from adrenais 
° 5 10 15 20 Fraction no 


Fic. 1. Chromatography of the non-saponifiable fraction from feces and adrenals on 
“Woelm” alumina, Grade III. Ten-milliliter fractions were collected and the sequence 
of eluting solvents was as follows: fractions 1-5, petroleum ether; fractions 6-10, 
petroleum ether: benzene (9:1); fractions 11-15, petroleum ether: benzene (4:1); 
fractions 16-25, petroleum ether : benzene (1 : 1). 
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TABLE IV 


EFFECT OF FATTY ACIDS ON ESTERIFICATION OF FECAL CHOLESTEROL 








Fecal cholesterol (mgm. /rat/day ) 








No. of = 5 
Fatty acid fed determinations Free Esterified Total 
None 10 4.3 0 4.3 
Mono-unsaturated fatty acids 
Nervonic* 2 14.2 6.1 20.3 
Erucic 6 8.3 7.1 15.4 
Eicosenoic 2 5.1 5.1 10.2 
Oleic 6 4.1 1.4 5.3 
Saturated fatty acids 
Stearic 2 | 8.2 10.9 
Palmitic 2 2.4 J 9.9 
Myristic 2 3.9 2.6 6.5 
Caprylic 2 ye 0 2.3 





*The diet used in this experiment contained the fat-soluble vitamin mixture. 


Origin of Fecal Cholesterol 


Four rats which had been fed a diet containing 10% erucic acid for two to 
three weeks were subjected to bile duct cannulation and the bile was collected 
for 24hr. periods. These rats excreted an average of 1.1 mgm. (range 0.4-2.3) 
of cholesterol per 24 hr. in the bile, which was about the same as that excreted 
by three similar rats fed oleic acid (average 1.0 mgm., range 0.7-1.3), and was 
far less than the average of 12 mgm. per day which they excreted in the feces. 
This suggests that the liver is not a major source of the fecal cholesterol in 
these experiments, a conclusion which is supported by results from other 
laboratories (4, 32). 


Alterations in Cholesterol Levels in Tissues 


Some further determinations have been made on the concentration of 
cholesterol in adrenals, liver, blood plasma, and total carcass (exclusive of 
adrenals and liver) of a number of rats fed different individual fatty acids 
(Tables V and VI). The findings are in accord with our earlier experiments 
using rape oil, in that erucic acid increased the level of cholesterol in the 
adrenals and liver, but not in the remainder of the carcass. The other fatty 
acids tested had little or no effect on tissue cholesterol levels. 


Effect of Cerebroside Preparations on Sterol Excretion 


It has recently been reported by Jones and his associates (17, 18) that the 
excretion of fecal sterols is increased by feeding a hot alcoholic extract of mam- 
malian brain, which consists largely of a mixture of cerebrosides. This work 
is of interest in view of our finding that nervonic acid increased fecal sterol 
excretion, and we have further found that a preparation of cerebrosides from 
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TABLE V 
EFFECT OF FATTY ACIDS ON TISSUE CHOLESTEROL LEVELS 














Cholesterol (% of wet weight) 
No. of | Adrenal wt. 




















Fatty acid fed rats (mgm. ) Adrenal Liver Carcass 
None 12 26.6+1.0* 4.0+0. 3* 0.25+0.01* 0.21+0.01* 
Erucic 16 32.0+0.7 10.4+0.5 0.39+0.03 0.24+0.01 
Methyl ester 12 32.641.7 11.1+0.6 — — 
Ethyl ester 6 28.5+1.0 10.1+0.7 — — 
Eicosenoic 3 25.7+1.6 6.1+0.9 0.30+0.03 — 
Oleic 14 27.0+0.8 4.3+0.4 0.30+0.02 0.25+0.02 
Stearic 9 25.3+0.7 3.9+0.4 0.25+0.02 0.23+0.01 
*Standard error of the mean. 
TABLE VI 
EFFECT OF FATTY ACIDS ON BLOOD CHOLESTEROL 
Cholesterol (mgm./100 cc. plasma) 
Fatty acid fed No. of rats Free Total 
None 9 21+1.4* 65+3.6* 
Oleic 9 23+1.5 83+2.7 
Erucic 9 2141.7 77+7.0 
*Standard crror of the mean. 
TABLE VII 
SPINAL CORD CEREBROSIDES AND CHOLESTEROL LEVELS 
Cholesterol 
Days — -—- $$$ _____— 
No. of on Coeff. of | Adrenal Liver Feces 
rats diet digestibility (% of wet wt.) (mgm./rat/day) 
25° cerebrosides 2 18 20 4.5 24 39. 5* 
10°¢ fatty acid fraction 3 21 40 a 0.27 18.4 





_*The cerebroside preparations contained a small amount of material which precipitated with 
digitonin and gave a color with the Liebermann-Burchard reagent. Calculated as cholesterol, this 
amounted to an intake of 12 mgm./rat/day on the cerebroside diet and 2 mgm./rat/day on the fatt) 
acid diet. 
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beef spinal cord or the fatty acid fraction from this preparation increased the 
excretion of fecal sterol although they did not appear to affect adrenal or liver 
cholesterol (Table VII). Only about 10% of the fecal cholesterol was esterified 
when the cerebroside preparation was fed, but 80% was esterified on the diet 
containing the fatty acid mixture. Both preparations were poorly absorbed, 
as might perhaps be expected from the fact that cerebrosides contain very 
long chain fatty acids, belonging mainly to the Co, group (11). 


Discussion 


There seem to have been no previous systematic studies on the effect of 
individual fatty acids on the production and excretion of endogenous 
cholesterol, although a number of workers have examined the effect of the 
nature of dietary fat on the absorption (23) and blood level (2, 3, 19, 28) of 
cholesterol. Schoenheimer and Breusch (24) reported that feeding large 
amounts of lard to mice was without effect on cholesterol synthesis. Con- 
versely, Eckstein and Treadwell (12) found in balance experiments with rats 
that increasing the fat (corn oil or soybean oil) in the diet increased the 
excretion of endogenous sterol, and recently Lin, Karvinen, and Ivy (20) 
have observed that oleic acid and tallow slightly decreased the endogenous 
elimination of cholesterol while corn oil and triolein definitely increased it. 
From our experiments it appears that a number of long chain fatty acids, 
particularly the higher homologues of oleic acid, increase the fecal excretion 
of cholesterol in rats, and since the level of cholesterol in the carcass as a 
whole is not lowered and in some tissues may actually be increased, this 
represents an increase in the net synthesis of cholesterol. 


Much of the extra cholesterol is esterified and it seems possible that the 
fatty acids may form esters with cholesterol and thereby alter its metabolism. 
It is well known that cholesterol is esterified in the lumen or wall of the 
intestine, presumably by a cholesterol esterase derived from the pancreas, 
and in vitro studies with this enzyme have shown that it esterifies unsaturated 
fatty acids more readily than saturated ones and that the reaction favors 
esterification of long chain fatty acids and hydrolysis of short chain cholesterol 
esters (27, 29). 

While esterification may be necessary for the increases in fecal cholesterol 
which we observed with diets containing long chain saturated fatty acids, it 
seems less important in the experiments with erucic acid, where the amount 
of free cholesterol in the feces varied from 25 to 75% of the total in different 
experiments. The amount of esterification was also rather variable in the 
few experiments with eicosenoic and nervonic acid and nearly all of the fecal 
cholesterol was in the free form on the diet containing 25% of cerebrosides. 
The increase in fecal cholesterol on the erucic acid diets may be at the expense 
of other components of the non-saponifiable fraction. However, the total 
digitonin-precipitable fraction is definitely increased (Table III), and the 
whole non-saponifiable fraction seems also to be increased in the few experi- 
ments in which it has been measured. 
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The relationship of the changes in fecal cholesterol to those in adrenal and 
liver is in some doubt, since eicosenoic acid and the cerebroside preparations 
increased the excretion of fecal cholesterol, but had little or no effect on 
adrenal or liver cholesterol. More experiments will also be required to 
determine whether the effect of cerebroside preparations on fecal cholesterol 
can be accounted for entirely by their nervonic acid content. In this 
connection it may be noted that nervonic acid appeared to affect adrenal as 
well as fecal cholesterol (6). In our experiments, erucic acid appeared to 
have no effect on blood cholesterol levels (Table VI) and a similar result was 
obtained with a few animals fed nervonic acid. Jones has likewise found that 
cerebroside preparations have no effect on normal blood cholesterol levels 
although they cause a lowering in hypercholesteremic patients or experimental 
animals (16, 18). 

It has been reported by Thomasson and Boldingh (30, 31) that erucic acid 
is responsible for the growth- and appetite-inhibiting properties of rape seed 
oil and that these are associated with increased longevity in rats. While we 
have not been concerned with longevity experiments, we have consistently 
observed that rats grew and developed more slowly on diets containing erucic 
acid (Table II) and this may apply also to eicosenoic acid. Oleic acid, on the 
other hand, permitted relatively good growth. 

Some of the saturated fatty acids of intermediate chain length used in our 
experiments were not well tolerated by the rats. In the case of lauric acid, 
this may be related to the myocardial lesions observed when this acid is 
incorporated into lipotropic diets (14) although our diets contained choline 
supplements. The generally poor growth which we observed on diets contain- 
ing saturated fatty acids may partly be accounted for by the fact that most of 
them were not purified, but other workers (15) have found that saturated fats 
are not as compatible with good growth as those containing some unsaturation. 


Acknowledgments 


This project was begun during the tenure of a Fellowship from the Canadian 
Life Insurance Officers Association by one of us (K.K.C.) and was completed 
with the assistance of a grant from the Life Insurance Medical Research Fund. 
The authors are also indebted to the National Research Council of Canada for 
financial assistance and to Dr. J. B. Collip for his interest in the problem and 
for providing laboratory facilities for the conduct of the experiments. In 
addition, they wish to thank Mrs. Ian Bell, Mrs. Gordon Sanderson, Miss 
Shirley Barrett, and Mr. E. Andersen for their technical assistance. 


References 


1. AuGur, V., RoLttmAn, H. S., and Devet, H. J., Jr. J. Nutrition, 33:177. 1947. 


2. BEVERIDGE, J. M. R., CONNELL, W. F., and Mayer, G. A. Can. J. Biochem. Physiol. 
34:441. 1956. 


3. BRONTE-STEWART, B., ANTonis, A., EALEs, L., and Brock, J. F. Lancet, i: 521. 1956. 
4. Byers, S. O., FRIEDMAN, M., and GunninG, B. Am. J. Physiol. 175 : 375. 1953. 
5. CARROLL, K. K. Endocrinology, 48: 101. 1951. 





V~ Ww we —_— 


— Ww er we 


—— 


no Se oo | 





a 


oo 


10. 


12. 
13. 
14. 
15. 


16. 
. Jones, R. J. and Retss, O. K. Circulation, 12 :496. 1955. 
18. 
19. 
. Lin, T., KARVINEN, E., and Ivy, A. C. Am. J. Physiol. 183 : 86. 1955. 

. Miper, G. B., SHERMAN, C. D., Jr., and Morton, J. J. Cancer Research, 9: 222. 1949, 
. Mutter, A. Ber. deut. chem. Ges. 72B :615. 1939. 

. Prat, A. Acta Physiol. Scand. 34:197. 1955. 

. SCHOENHEIMER, R. and Breuscn, F. J. Biol. Chem. 103 : 439. 1933. 

. SPERRY, W. M. and Wess, M. J. Biol. Chem. 187 :97. 1950. 

. STEENBOCK, H. and Newson, E. M. J. Biol. Chem. 56: 355. 1923. 

. SWELL, L., Borrer, T. A., Fiecp, H., Jr., and TREADWELL, C. R. Am. J. Physiol. 


Re WY WS Ww Ww &W W 
NIDA UM & wwe © 


tS wm 
oO oo 


www 
nu = © 


CARROLL AND NOBLE: CHOLESTEROL EXCRETION 991 


. CARROLL, K. K. J. Biol. Chem. 200 : 287. 1953. 
. CARROLL, K. K. and Nosie, R. L. Endocrinology, 51 :476. 1952. 
. Carter, H. E., Hatnes, W. J., Lepyarp, W. E., and Norris, W. P. J. Biol. Chem. 


169:77. 1947. 


. CarTER, H. E., Norris, W. P., Giick, F. J., Puitiips, G. E., and Harris, R. J. Biol. 


Chem. 170 : 269. 1947. 


CoLeMAN, D. L., WeLLs, W. W., and Baumann, C. A. Arch. Biochem. and Biophys. 


60 :412. 1956. 


. Deve, H. J., Jk. The lipids. Vol. 1. Interscience Publishers, Inc., New York. 1951. 


p. 493 
EcksTEIN, H. C. and TREADWELL, C. R. J. Biol. Chem. 112 : 373. 1935-1936. 
Fo.pes, F. F. J. Lab. Clin. Med. 28 : 1889. 1943. 
Hartrort, W. S. Federation Proc. 14 :655. 1955. 


Hopkins, C. Y., Murray, T. K., and CAMPBELL, J. A. Can. J. Biochem. Physiol. 33 : 


1047. 1955. 
Jones, R. J. J. Lab. Clin. Med. 47: 261. 1956. 


Jones, R. J., Retss, O. K., and Batter, E. L. Circulation, 12: 727. 1955. 
KINSELL, L. W. and Micuaetis, G. D. Federation Proc. 14: 661. 1955. 


180 :129. 1955. 


. SWELL, L. and Fiick, D. F. Am. J. Physiol. 174:51. 1953. 
. SWELL, L., Fiick, D. F., Fievp, H., Jr., and TREADWELL, C. R. Am. J. Physiol. 180: 


124. 1955. 


. THomasson, H. J. J. Nutrition, 57:17. 1955. 
. THomasson, H. J. and BotpinGu, J. J. Nutrition, 56: 469. 1955. 
. WELLS, W. W., CoLeMAN, D. L., and Baumann, C. A. Arch. Biochem. and Biophys. 


57 : 437. 1955. 




















993 


SOME OBSERVATIONS ON THE MOLECULAR FORM 
OF CHONDROITIN SULPHATE! 


By R. V. WEBBER? AND S. T. BAYLEY 


Abstract 


The physical properties of a preparation of chondroitin sulphate extracted 
from bovine cartilage with calcium chloride have been measured at various 
stages of purification. After removal of free protein, the extract has a number- 
average molecular weight, from sedimentation and viscosity data, of about 
1.0 X 10°. After tryptic digestion, the molecular weight of the extract is 39,000 
on a number average basis from sedimentation and viscosity data, and about 
145,000 on a weight average basis from light scattering data. At both 
stages of purification, the extract is widely polydisperse and exhibits streaming 
birefringence in aqueous but not in salt solution. Before digestion, the particles 
evidently represent aggregates of polysaccharide molecules linked in an end-to- 
end arrangement by peptides; tryptic digestion partially destroys these peptide 
linkages. It does not appear, from a partial analysis of the amino acids present, 
that the origin of the protein or peptide material is collagen. 


Introduction 


Chondroitin sulphate* is a component of connective tissues such as tendon 
and cartilage, of which it can form up to 40% by dry weight. The study of 
this mucopolysaccharide is complicated by its intimate relationship with 
protein in native tissue. 

Chemical analyses have established with some assurance that chondroitin 
sulphate consists of residues of D-glucuronic acid and N-acetylchondrosamine, 
the former being linked through C; and C, (30, 23) and the latter through 
C, and C, (23). A single ester sulphate group is attached through C; or C, to 
each of the chondrosamine residues (23). The high yield of the disaccharide 
chondrosine suggests that the polysaccharide is probably linear with this 
component as the repeating unit (30). 

Physical measurements on the polysaccharide, however, have shown less 
consistency owing, almost certainly, to the varying extent of protein 
contamination in different preparations. The highest molecular weights have 
been obtained for samples extracted with calcium chloride. From studies of 
streaming birefringence, Blix and Snellman (4) estimated a molecular weight 
of 260,000 for chondroitin sulphate but this value has not been confirmed by 
subsequent work. Mathews and Dorfman (21) examined a range of samples 
and from measurements of osmotic pressure obtained number-average 
molecular weights (My) up to 43,300. The higher weight average values 
(My) up to 150,000 for the same samples calculated by Mathews (19) from 
light scattering data indicate the polydispersity possible in preparations of 

1Manuscript received May 22, 1956. 

Contribution from the Division of Applied Biology, National Research Laboratories, Ottawa, 
Canada. Issued as N.R.C. No. 4038. 

?National Research Council of Canada Postdoctorate Fellow, 1954-55. 

*The present discussion is confined to chondroitin sulphate from mammalian cartilage. Meyer 


and co-workers (see for example Ref. 9) have described related mucopolysaccharides from other 
tissues which differ in optical rotation, sulphate content, and linkage between residues. 
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chondroitin sulphate. Mathews (20) has since shown, however, that this 
polydispersity is due entirely to contamination from complexes of protein and 
polysaccharide and that if these impurities are removed with proteolytic 
enzymes an almost monodisperse preparation of chondroitin sulphate of 
50,000 molecular weight is obtained. The effect of alkali is to reduce the 
molecular weight of chondroitin sulphate to a value usually considerably less 
than 20,000 (21). 

Studies on the nature of the chemical binding in tendon suggest that 
chondroitin sulphate serves to stabilize the collagen structure by providing 
cross-linkages with protein, through both ionic and hydrogen bonds (26, 15). 
The exact manner of binding between protein and polysaccharide is not known 
nor is it certain what proteins are involved. Recently, Shatton and Schubert 
(29) isolated a mucoprotein from cartilage by aqueous extraction and showed 
that the protein moiety differed from collagen. Earlier, however, Partridge 
(26) had criticized aqueous extraction as yielding only a small, possibly 
unrepresentative fraction of the total chondroitin sulphate present in tendon. 

In the present work, the physical properties of an extract of chondroitin 
sulphate were measured at various stages during purification. Conditions 
were chosen which would minimize degradation of the products. ‘The aim 
was to obtain more conclusive evidence concerning the molecular. weight of 
undegraded chondroitin sulphate by reconsidering the results of previous 
authors in the light of any changes in molecular size found here during purifica- 
tion. It was also hoped that an estimate could be made of the molecular 
weight of any complex within which this polysaccharide may occur in native 
cartilage. 


Experimental 


Preparative and: Analytical Methods 


To give a high yield of chondroitin sulphate with a minimum of degradation, 
extraction was carried out at 27°C. in 2.5 M calcium chloride. Some 
disruption of the collagen structure, either by heat or by high salt concentra- 
tions, is necessary before the bulk of the chondroitin sulphate can be extracted 
from native tissue. Studies of such changes in tendon (26, 15) suggest that 
under the extraction conditions chosen, there should be a minimum of 
covalent bond disruption and a high degree of ionic bond dissociation. 

Two pounds of bovine nasal septa were cleaned of all connective tissue, 
ground with a meat chopper, and dehydrated by soaking in three changes of 
acetone for 22 hr. The residue was dried in air at room temperature and then 
desiccated in vacuo with a dry-ice trap until acetone could no longer be smelled. 
The dried cartilage was ground in a Wiley mill to pass ultimately through a 
60 mesh screen. Preliminary extractions of material ground to pass through 
20 and 60 mesh screens respectively showed that the yield of extract was 
increased two to three times with the finer grinding. 

Batches of extract were prepared as follows. Fifty grams of 60 mesh 
cartilage was shaken in air with 1 liter of 2.5 M calcium chloride for five 
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hours. The mixture was centrifuged, the supernatant poured off, and the 
sediment washed twice with small volumes of 2.5 M calcium chloride. The 
combined supernatants were passed through a coarse sintered glass filter to 
give 1.5 liters of filtrate. This was dialyzed in cellulose tubing against 1 M 
sodium chloride for two days and then against several changes of distilled 
water for another two days at the end of which the dialyzate gave no 
precipitate with silver nitrate solution. The solution, now clear and very 
viscous, was freeze-dried, yielding 12.4 gm. (25% by dry weight of original 
cartilage) of a white fibrous material which will be called the “‘crude extract’’. 

Proteins were removed from the crude extract by the method of Meyer, 
Odier, and Siegrist (24) as follows. Five grams of crude extract was dissolved 
in 1 liter distilled water and cooled. At 4° C., 4 ml. concentrated hydrochloric 
acid and 20 ml. saturated phosphotungstic acid (PTA) were added with 
stirring; stirring was continued for three minutes. The solution was 
centrifuged at about 15,000 r.p.m. for 15 min. in a Servall centrifuge. The 
supernatant was poured off and neutralized to pH 6-7 with 0.2 M sodium 
hydroxide, which was added slowly while the solution was being stirred 
vigorously. The solution was freed of PTA by being dialyzed at room 
temperature against saturated sodium chloride for two days. At the end of 
the first day, a small amount of precipitate which had formed was removed 
by centrifuging. The dialyzate was changed four times during this period. 
To dialyze out the sodium chloride without bursting the dialysis sac, the 
dialyzate was progressively diluted at one to two hour intervals for about 12 
hr. when it was entirely replaced by 12 liters distilled water. After a day and 
a half of dialysis (dialyzate changed once) the dialyzate gave no precipitate 
with silver nitrate solution. On freeze drying, 2.8 gm. of “PTA purified 
material’ was obtained. 


Tryptic digestion was carried out after the manner of Shatton and Schubert 
(29). One gram of PTA purified material was dissolved in 200 ml. phosphate 
buffer (0.05 MJ disodium hydrogen phosphate, 0.05 AZ sodium chloride) at 
pH 7.0. Eleven milligrams of crystalline trypsin and a few drops of toluene 
were added. The solution was thoroughly stirred and allowed to stand at 
room temperature for two days. The trypsin was removed by precipitation 
with PTA as previously described. After freeze drying, 600 mgm. were 
obtained of a white product, designated the ‘trypsin digested material’, 
which was less fibrous than the undigested material. 

During a preliminary study of chondroitin sulphate, a sample was extracted 
from bovine nasal septa with calcium chloride according to the procedure of 
Blix and Snellman (4) except that protein was removed by passing the extract 
through a kaolin column under pressure (6). 

Designations and descriptions of all samples referred to later are summarized 
in Table I, columns 1.and 2. Nitrogen analyses were carried out using the 
micro-Kjeldahl technique, and the results are given in Table I, column 3. The 
percentages of protein or peptide (column 4) are calculated assuming a 
nitrogen content of 2.78% for chondroitin sulphate as Na2eCigHwOiu.NS (21). 
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TABLE I 


NITROGEN ANALYSES 











Specitic 
% Nitrogenby  } Peptide rotation |@|p at 
Material Sample dry weight or protein 25° C. in water 
Crude extract Ila - - 
(Calcium salt) Illa 6.1 5 ca. —37° 
IVa 6.8 29 ca. —37 
Va — - - 
PTA purified Vd 4.9 15 —23° 
(Sodium salt) Ve 6.0 23 - 
Vh 4.6 13 — 32° 
V1 4.0 $.3 —27° 
Trypsin digested Vf 4.0 8.5 — 34° 
(Sodium salt) Vg 4.2 10 — 30° 
Vk - — - 
Vm 3.4 4.5 —25 
Purified by kaolin column B 3.8 7.1 —30° 





Specific rotations are given in column 5. Moisture contents of samples, as 
determined from the loss in weight after heating to 110° C. overnight, have 
been taken into account throughout the paper. 

For chromatography, samples were digested in concentrated hydrochloric 
acid at 110° C. for 24 hr. and two-dimensiorfal analyses were carried out using 
phenol saturated with water and butanol — acetic acid — water (4:1:1) as 
solvents. Amino acids were located by developing the chromatograms 
with ninhydrin. 


Physical Methods 


A model E Spinco ultracentrifuge operated at 59,780 r.p.m. was used in 
the sedimentation analysis. The temperature of the rotor was measured 
before and after each sedimentation experiment. The figure obtained by 
subtracting 1° C. from the mean of these readings was taken as the tempera- 
ture of the contents of the cell during the experiment (3). Sedimentation 
coefficients corrected to standard conditions were computed in the usual 
way (2). 

Viscosities were determined with a Cannon-Fenske viscometer immersed 
in a water bath at a temperature regulated to within + 0.02°C. Flow times 
were measured to 0.1 sec. 

Partial specific volumes were calculated from densities measured both 
with 50 ml. pycnometers and by the magnetic float method (17, 18). Solutions 
were made up by weight and the appropriate corrections applied for air 
buoyancy. 

Osmotic pressures were measured with osmometers of a type described 
previously (10) except that Parlodion membranes prepared by Adair’s method 
(1) were substituted. Pressures were determined at 7.4 + 0.1° C. 
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Light scattering measurements were made at wavelength 4360 A with a 
B.S. Light-Scattering Photometer constructed by Phoenix Precision 
Instrument Co., Philadelphia. The calibration of this type of photometer to 
give reduced intensities in absolute units has been reported by Brice 
ét al. (8). The refractive index increment was measured at 4360 A in a 
differential refractometer of the type described by Brice and Halwer (7). 

Samples were examined for streaming birefringence in an apparatus of the 
type described by Edsall et al. (12) and built by the Rao Instrument Co. 
Measurements were made at 25° C. 

Electrophoretic analyses were carried out in a Klett apparatus equipped 
with a Longsworth (16) scanning device. 


Results 


1. Sedimentation, Viscosity, and Partial Specific Volume 

In the ultracentrifuge the crude extract (Va) showed only one sedimenting 
boundary with 0.2 M sodium chloride as solvent (Fig. 1). In 1 to 2.5 M 
calcium chloride, however, two boundaries appeared. PTA purified material 
(Vh, l) gave only one boundary in both solvents. With all preparations, the 


























Fic. 1. Sedimentation patterns; speed of ultracentrifuge 59,780 r.p.m. 

f Crude extract, sample Va, 0.5% solution in 0.2 M sodium chloride after 
40 min. 

B. Crude extract, sample Va, 0.5% solution in 2.0 M calcium chloride after 
34 min. 
PTA purified material, sample Vh, 0.6% solution in 0.2 M sodium 
chloride after 79 min. 

D. Trypsin digested material, sample Vk, 0.6% solution in 0.2 M sodium 
chloride after 72 min. 
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sedimenting boundaries showed considerable spreading at low concentrations. 
The sedimentation data for preparations Vg, h, k, 1, and m are shown in Fig. 2. 
The sedimentation coefficient at infinite dilution, s°, was obtained by linear 
extrapolation of the plot of 1/s against c to c = 0 by the method of least 
squares (for PTA purified material only results for concentrations below 0.2% 
were used). The average value of s® for PTA purified material is approxi- 
mately 20S and for trypsin digested material is 2.9S. A few sedimentation 
experiments were performed with sample B at the two concentrations 1.0% 
and 0.5% in 0.2 M sodium chloride. By averaging the results, the estimated 
s® was about 2.6S. 

The viscosity results are shown in Fig. 3; the solvent in all cases was 
0.2 M sodium chloride. Intrinsic viscosities of 1.69 and 2.06 were obtained 
for PTA purified material (VA and V/ respectively), 0.93 and 0.85 for trypsin 
digested materials (Vk and Vm respectively), and 0.86 for sample B. 

Three independent determinations of the partial specific volume V for 
preparation Vm were carried out. In two experiments using pycnometers, 
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Fic. 2. The inverse of the sedimentation coefficient plotted against concentration on 
a dry weight basis for PTA purified and trypsin digested materials. 
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Fic. 3. Reduced viscosity plotted against concentration on a dry weight basis for 
PTA purified and trypsin digested materials. 


the values 0.50 and 0.51 were obtained for V. The third determination by the 
magnetic float method gave a value of 0.49. The average of these three 
results, 0.50, was used in the following calculations. 

Estimates of molecular weight were obtained by the method of Flory (13) 
from the results of sedimentation, viscosity, and V just described. The 
calculated values were 1.0 X 10° for the PTA purified material, 39,000 for the 
trypsin digested material, and 30,000 for sample B. 


2. Osmotic Pressure and Light Scattering 


A brief examination of the trypsin digested material (Vk, m) was made 
with these techniques to provide independent measures of the molecular 
weight. The results are approximate but serve to establish orders of 
magnitude. 

In osmotic pressure experiments, it was found consistently that the osmotic 
pressure fell steadily over a period of days. This suggested that some 
component may have been diffusing through the membrane. From other 
experimental work in this laboratory (27) the membranes were known to be 
permeable to ribonuclease of molecular weight 13,000 and impermeable to 
subunits of hemoglobin of molecular weight 16,000-17,000. Molecules of 
ribonuclease are compact and positively charged while the membrane is 
negatively charged. Since chondroitin sulphate is negatively charged and 
the particles may be extended, any chondroitin material which does diffuse 
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through probably has a molecular weight of less than 13,000. The number- 
average molecular weight, Jy, estimated from the measurements was 
roughly 45,000. 

The weight-average molecular weight, My, was estimated from light 
scattering experiments by measuring the 90° scattering at four concentrations. 
At the lowest concentration, the scattering was eight times background. 
The pH of the solutions in 0.2 M sodium chloride was 4.6-4.7. The specific 
refractive index increment in 0.2 AJ sodium chloride was found to be 0.1485 
per gm. per ml. The formula (11) (K./Ro) = (1/Mw) + 2 Be where 
K = 2 m°n,?(dn/dc)?/NX* was used to calculate My and values of 143,000 
and 148,000 were obtained for samples Vk and Vm respectively. These 
figures are subject to large errors since for extended molecules they may 
represent molecular dimensions larger than 1/20 of the wavelength (4360 A) 
of the light used. For accuracy, an angular scattering envelope would 
be required. 


3. Streaming Birefringence 

Solutions of PTA purified material (Vi) in 0.2 M sodium chloride showed 
no flow birefringence; in distilled water, however, this material (sample V/) 
gave strong positive birefringence of flow. Extinction angle x is plotted 
against velocity gradient G in Fig. 4. The curve is drawn through the readings 
obtained on the 0.26 and 0.21% solutions; below these concentrations, the 
birefringence was too weak for accuracy and at 0.43% the behavior may 
become concentration dependent. In calculating molecular dimensions, the 
tables of Scheraga et al. (28) were used. The calculations were based on the 
value of the velocity gradient, viz. 270 sec.-', at an extinction angle of 25°; 
the molecular weight was taken as 10°. <A value of 46 was obtained for the 
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Fic. 4. The extinction angle x for flow birefringence plotted against velocity gradient 
G for PTA purified material, sample Vi. 











WEBBER AND BAYLEY: CHONDROITIN SULPHATE 1001 


rotary diffusion constant, 600 for the axial ratio and 8000 A for the length 
(i.e. major axis) of the ellipsoid; this corresponds to a minor axis for the 
ellipsoid of about 13 A. For molecular weight values of 5.10° and 2.10°, the 
length remained essentially unchanged, the axial ratio becoming 850 and 400 
respectively. For the 0.26% solution at a velocity gradient of 845 sec.~', 
the birefringence was 4.10-. 

The effect of polydispersity on measurements of streaming birefringence has 
been investigated theoretically by Goldstein (14). In these calculations, the 
polydispersity was assumed to arise from random degradation of a system of 
rigid rodlike molecules all of the same initial length. An indication of the 
degree of polydispersity can be obtained by plotting the logarithm of the 
apparent rotary diffusion constant 6 as a function of x. For the present 
material, 8 was calculated from the tables of Reference 28 assuming a large 
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extinction angle x for PT.A purified material, sample V/. 
axial ratio. The results are plotted in Fig. 5. Comparison with Fig. 3, 
Reference 14, shows that the polydispersity is greater than that investigated 
by Goldstein. 

The trypsin digested materials (Vf) showed no birefringence of flow when 
dissolved in 0.2 M sodium chloride but in distilled water gave positive 
birefringence which was definite but too weak to measure. 


4. Electrophoresis 


Fig. 6 shows electrophoretic patterns of samples B and Ila at pH 6.9 
(u = 0.02 phosphate + 0.08 sodium chloride). With both materials, the 
descending boundaries are broad and skewed and reveal a bimodal distribution 
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Fic. 6. Electrophoresis patterns in phosphate buffer (u = 0.10) at pH 6.9. 


A. Purified chondroitin sulphate, sample B after 130 min. 
B. Crude extract, sample Ila after 160 min. 
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of mobilities. The ascending boundaries are difficult to interpret. Electro- 
phoretic analyses of sample Va at pH 9 (glycine buffer, u = 0.10), pH 6.9 
and pH 3 (phosphate buffer 4 = 0.10) gave patterns closely similar to those 
shown. Samples of the materials forming the moving boundary at each of 
these pH values gave strongly positive biuret reactions while that forming 
the stationary boundary gave only a slight reaction. 


5. Chromatography 

Analyses were carried out for both PTA purified (VA) and trypsin digested 
(Vg) materials after acid hydrolysis. The chromatogram for the PTA purified 
material showed 16 spots while that for the trypsin digested material showed 
only 11. Comparison with a chromatogram of known amino acids and use 
of a table of Rr values (5) showed that the latter 11 spots corresponded to 
those for aspartic acid, ornithine, serine, glycine, threonine, lysine, alanine, 
proline, phenylalanine, and leucine. One prominent spot near glycine could 
not be identified. 


Discussion 


The trypsin digested material is composed largely of chondroitin sulphate, 
although nitrogen and chromatographic analyses show that measurable 
quantities of amino acids are present as well. The value obtained for the 
weight-average molecular weight is appreciably higher than that for the 
number-average molecular weight (Table II). This result and the diffusion 
of material through the osmotic pressure sacs suggest that the trypsin digested 
material exhibits wide molecular polydispersity. The molecular weights agree 
well with the upper values of Mathews and Dorfman (21) and Mathews (19) 
and it seems likely therefore that the present material is similar to the 
chondroitin sulphate samples of highest molecular weight studied by these 
authors. The trypsin digested material exhibited streaming birefringence in 
aqueous solution but none in salt solution, and this confirms the observation 
of Mathews and Dorfman (21). The molecules must behave therefore as 
highly charged flexible coils which are extended in water but are collapsed at 
high cation concentrations. 

The PTA purified material has a molecular weight considerably higher than 
that after trypsin digestion (Table II). This material too shows wide 
molecular polydispersity as demonstrated by the streaming birefringence 


TABLE II 


RESULTS ON MOLECULAR SIZE AND SHAPE 

















Mn Mw Streaming birefringence 
Sedimentation Osmotic Light Length Axial Width 
Material Sample and viscosity pressure scattering (A) ratio (A) 
PTA purified Vh 1.0 X* 105 8000 600 13 
Vi 
Trypsin digested Vk 39,000 Order of Order of 
Vm 45,000 145,000 
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results. Also, from the presence of streaming birefringence in water and its 
absence in salt solution, the particles must behave, like those of the trypsin 
digested material, as highly charged, flexible coils. 

With the exception of the sedimentation pattern of the crude extract 
discussed below, no distinct dissociation of materials into separate components 
was discerned either electrophoretically or in the ultracentrifuge. From a 
similar cartilage extract, however, Mathews and Dorfman (21) were able to 
separate chondroitin sulphate containing only traces of protein by precipitat- 
ing the polysaccharide with hexamminecobalt (III) chloride. The PTA 
purified material probably represents, therefore, a complex of protein, or 
more probably polypeptide, and polysaccharide held together by strong ionic 
interactions. The comparatively low polypeptide content (average 15%) 
of this material suggests that the complex consists of a number (of the order 
of 20) of chondroitin sulphate molecules of molecular weight about 40,000 
bound together by polypeptide chains. On digestion, these intermediate 
linkages are broken and the polypeptide chains partially destroyed. Since 
the undigested material exhibits streaming birefringence in aqueous solution, 
the arrangement of chondroitin sulphate molecules and polypeptide chains 
must be largely end-to-end with little or no major branching. In view of the 
nature of the PTA purified material, its wide polydispersity is not surprising. 

The presence of high molecular weight components, which are partially 
responsible for the polydispersity of the trypsin digested material, can 
probably be accounted for by a failure of prolonged trypsin treatment to 
break all the polypeptide links. This idea is confirmed by the more detailed 
study published recently by Mathews (20). 

Muir (25) has suggested that molecules of chondroitin sulphate of molecular 
weight about 40,000 represent aggregates of smaller polysaccharide molecules 
(similar to those obtained by alkali degradation) held together by peptide 
linkages. This suggestion is based on the effects of degradation by papain. 
Muir's results combined with those quoted by Mathews (20), however, 
present an anomaly in that some preparations of chondroitin sulphate appear 
to be susceptible to papain degradation while others are not. 

The origin of the peptides in the PTA purified material cannot be identified 
from the chromatographic analysis. However they do not appear to come 
from collagen unless the reasonably abundant amino acids in collagen which 
should be detected, for example arginine, hydroxyproline, and glutamic acid, 
have been removed by the enzymatic digestion. It also seems unlikely that 
these peptides are derived from the mucoprotein of Shatton and Schubert 
(29). These authors found a much higher tyrosine content than could be 
accounted for in collagen, whereas in the present instance no tyrosine was 
identified at all. 

Recently, Mathews and Lozaityte (22) have published a brief account of 
work on a complex of sodium chondroitin sulphate and protein. Their material 
differs from the present PTA material in yielding detectable quantites of 
tyrosine and in showing separation of different fractions in the ultracentrifuge. 
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The behavior of the crude extract in producing two peaks in the ultra- 
centrifuge at high concentrations of calcium chloride is assumed to be due to 
dissociation of aggregates formed from free protein and the more stable 
complex of polypeptide and polysaccharide. The term “free protein”’ is used 
here to denote protein precipitable by PTA. This dissociation parallels the 
behavior of the mucoid observed by Partridge (26). It seems probable 
therefore that this mucoid was similar to the present crude extract and that the 
chondroitin sulphate that Partridge obtained actually corresponded to the 
complex of polypeptide and polysaccharide forming the present PTA 
purified material. 


Conclusion 


The present results are consistent with the view (20) that the molecular 
weight of undegraded chondroitin sulphate is between 40,000 and 50,000. 

In view of the strength of the ionic binding which exists between chondroitin 
sulphate and polypeptide in the PTA purified material, it is possible that the 
form of association of these molecules reflects the situation in native cartilage. 
It must be admitted, however, that the PTA material may not be truly 
representative of a protein—polysaccharide complex in the original tissue since 
some components of such a complex may be precipitated with free protein 
by the PTA. 
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WATER DISTRIBUTION IN INCUBATED SLICES OF 
BRAIN AND OTHER TISSUES! 


By Hanna M. Pappius AND K. A. C. ELLiottT 


Abstract 


Slices of rat cerebral cortex swell about 40°; during one hour's aerobic incuba- 
tion in bicarbonate-buffered medium. Thiocyanate or sucrose added to the 
medium equilibrate with part of the tissue fluid leaving a “‘non-thiocyanate”’ or 
‘“‘non-sucrose”’ space equal to about 45% of the total fluid which was present in 
the fresh unincubated slice. This space does not change with the extent of 
swelling or the time during which the tracer is present. The swelling thus 
appears to be extracellular. Inulin in the medium equilibrates with little more 
than the water of swelling and does not appear to enter the rest of the extra- 
cellular fluid. The -welling thus seems to involve uptake of fluid which is not 
continuous with the true tissue fluids. With glutamate or high potassium in 
the medium, swelling is increased and the non-thiocyanate, non-sucrose, and non- 
inulin spaces increase correspondingly. This increase is apparently intracellular. 
Swelling is also increased under anaerobic conditions. Results with sucrose 
and inulin indicate that this increase is due to intracellular swelling. The space 
occupied by thiocyanate increases with the time during which the thiocyanate 
is present in the medium under anaerobic conditions. Swelling can be decreased 
but not prevented by colloids in the medium. Medium rendered hypertonic 
with sucrose apparentiy causes cell shrinkage, as judged by the non-thiocyanate 
or non-sucrose space, without preventing uptake of “swelling water’. Liver 
and kidney slices swell about 10%. Thiocyanate occupies the whole of the 
tissue fluid while inulin leaves a constant non-inulin space, equal to about 60% 
of the total fluid of the fresh unincubated slice. Sectors of diaphragm swell 
about 15%. Thiocyanate and inulin occupy about equal spaces. The non- 
thiocyanate and non-inulin spaces are about 49% of the total fluid of the fresh 
tissues. Diaphragm cut into strips parallel to the circumference swells more 
and thiocyanate and inulin penetrate most of the fluid. Sciatic nerve swells 
nearly as much as brain. The swelling is reduced if the ends are tied. 
Thiocyanate penetrates the tissue progressively with time. Inulin seems to 
occupy little more than the water of swelling, as in brain. 


Introduction 


It was previously observed that rat brain slices when immersed in Ringer’s 
solution, cerebrospinal fluid, or isotonic or hypertonic sodium chloride solutions 
increase in weight (7). Figures given by Stern, Eggleston, Hems, and Krebs 
(19) and those obtained in the present study show that brain slices swell up 
to 50% on incubation in saline medium for an hour at 38°C. Stern et al. 
assumed that the fluid taken up in swelling was extraneous to the tissue proper 
and had the same composition as that of the suspending medium. On the 
other hand, Allen (1), who has also observed this swelling, believed that it 
must be largely intracellular. 


Understanding of factors concerned in this swelling, and of the distribution 
within the tissue of the fluid taken up, is essential to the proper consideration 
of the distribution of electrolytes in the tissue and of various observations on 


1Manuscript received in original form November 9, 1955, and as revised, May 11, 1956. 

Contribution from the Donner Laboratory of Experimental Neurochemistry, Montreal Neuro- 
logical Institute, and the Department of Neurology and Neurosurgery, McGill University, Montreal, 
Quebec. Preliminary work on this subject was reported in a Symposium on Electrolyte Metabolism 
of the Canadian Physiological Society (8). Some of the conclusions drawn as a result of the more 
complete studies now presented differ from tentative conclusions mentioned in the earlier report. 
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tissue activity and metabolism. Such information is also of probable signifi- 
cance to the clinical problem of cerebral edema. Results of experiments on 
the distribution of the water in swollen brain tissue and on factors which 
influence it are here reported together with comparisons with certain other 
tissues. These experiments were made in conjunction with the work on 
electrolyte concentration in incubated tissue which is described in the 
succeeding paper (14). 


Methods 


General Procedure 


Adult rats were decapitated with a guillotine. Slices, about 0.5 mm. thick, 
of cerebral cortex, liver, or kidney cortex were cut without moistening the 
tissue in a humid chamber by means of a Stadie-Riggs microtome. Diaphragm 
was dissected out, cutting close to the body wall and avoiding cutting the 
diaphragm muscle as much as possible; sectors of thin anterior portions of the 
muscle were used. Sciatic nerves were dissected out. 

Eight slices of cerebral cortex, a surface and a second slice from the dorsal 
and lateral aspects of each hemisphere, were obtained from each brain. The 
slices from three brains were usually used for each set of experiments and two 
slices, weighing together 70-110 mgm., were put into each experimental vessel. 
The slices were chosen so that each vessel received slices from two different 
brains and one of the slices was from the dorsal, one from the lateral aspect, 
and one of them was a surface and one a second slice. Thus 12 comparisons 
could be carried out in a single set of experiments with reasonably comparable 
samples of tissue; usually each set consisted of six pairs of replicates. 

Fewer experiments were made with other tissues. With liver and kidney 
cortex four surface slices of tissue from one animal were used, one slice per 
vessel. With diaphragm, five sectors, one per vessel were used. With sciatic 
nerve only left and right nerves could be directly compared. 

The tissue was weighed on a torsion balance and introduced usually into 
Warburg vessels containing 3 ml. of medium. The vessels were filled with 
appropriate gas and then shaken at 38° C., usually for 60 min. When short 
incubation periods were being studied, small beakers were used and these 
were shaken in an Aminco-Dubnoff incubator in the presence of the 
appropriate gas mixture. At the end of the period of incubation the contents 
of each vessel were poured onto a perforated disk in a funnel, very light suction 
being applied; the slices were removed from the disk and drained on a glass 
plate and adherent fluid was removed with torn bits of filter paper. The 
slices were then reweighed. 

In several trials it was shown that the method of removing adherent medium 
was sufficiently accurate. With 75-100 mgm. of brain slices, the weights 
found before immersion and after brief immersion in saline medium and 
draining usually agreed within about 1 mgm. 

In most experiments a glucose-containing bicarbonate-buffered medium 
was used which contained the following, in mM. per liter: NaCl 122, KCI 3.1, 
MgSO, 1.2, CaCl. 1.3, KHePO,; 0.4, NaHCO; 24.5, glucose 10. This will be 
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referred toa he “usual’’ medium. The phosphate-buffered medium used in 
certain experiments had the same composition except that 17 mM. of 
mixed sodium phosphates replaced the bicarbonate, and calcium was omitted; 
the initial pH of this medium was about 7.7 but fell during incubation. When 
the potassium of the medium was varied, the sodium concentration was varied 
reciprocally to maintain isotonicity. The vessels were filled with oxygen 
when phosphate medium was used. With the bicarbonate medium, the gas 
phase was oxygen—5% carbon dioxide, or, for anaerobic experiments, 
nitrogen — 5% carbon dioxide. 

For the determination of thiocyanate space, 0.3 ml. of 1.25% sodium 
thiocyanate (isotonic) solution was placed in the side arm of the Warburg 
vessel and tipped in at the appropriate time giving a final concentration of 
0.125%. A similar procedure was sometimes used in determining inulin and 
sucrose spaces but usually the inulin, 1% final concentration, or sucrose, 0.5 
or 1.0%, was present in the medium throughout the incubation period. For 
thiocyanate and inulin determinations the drained and reweighed slices were 
homogenized with 3 ml. of water and 1 ml. of 24% trichloracetic acid was 
added; for sucrose determinations half these volumes were used. The 
mixture was centrifuged and the tracer substance was determined in the 
supernatant fluid using the original solution as standard. The tracer ‘‘space”’ 
was taken as equal to that volume of the medium which would contain the 
same amount of the tracer as was found in the slice. 

Oxygen uptake rates were determined by the standard Warburg procedure 
in the calcium-free phosphate-buffered saline medium. 


Analyses 

Thiocyanate was determined by an adaptation of the method of Crandall 
and Anderson (5). One or two milliliters of the centrifuged extract was made 
to 5 ml. with water and 2 ml. of ferric—nitric reagent (5 gm. Fe(NO;); . 9H,O 
and 2.5 ml. of concentrated nitric acid in 100 ml. water) was added. After 
15 min. the absorption at 510 my was read in a spectrophotometer against a 
blank and standards. Trichloracetic acid did not affect the color development 
but daylight had to be excluded. 

Inulin and sucrose were determined by an adaptation of the method of 
Hubbard and Loomis (11). A mixture of 0.5 ml. of the extract, 0.5 ml. of 
water, 1 ml. of 0.125% resorcinol in 95% ethanol, and 3 ml. of 30% hydrochloric 
acid was heated for eight minutes at 80° C. and then made to 8 ml. with water. 
The absorption at 450 my was read in a spectrophotometer against a blank 
and standards were similarly treated. Larger proportions of the trichloracetic 
acid extract could not be used since these produced cloudiness. 

Total solids were determined by weighing slices dried at 100°-110° C. 


Calculation and Presentation of Results 

The results presented below are the averages of all results of each type of 
experiment. Results of sets of individual experiments were always in 
agreement with the comparisons of averages. 
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TABLE I 


RESULTS AND CALCULATIONS FROM A TYPICAL EXPERIMENT ON 
SWELLING AND THIOCYANATE SPACE 








After incubation 








(1) (2) (3) (4) (S) (6) (7) 
Non- 
Swelling, Dry Total Thiocyanate thiocyanate 
Wt., (2) —(1), wt., fluid, (2)—(4), space, space, (5) —(6), 
Fresh wt., mgm. mgm. mgm. mgm. ul. ul. nl. 
Actual 82 115 33 — — 70 — 
Per 100 140 40 19 121 85 36 





Note: The densities of the tissue and fluids are taken as unity. 


Table I shows the method of calculation of the results of a typical experi- 
ment. The weight of slices after incubation, and the tracer space found, are 
calculated per 100 mgm. of the fresh unincubated tissue. The dry weights of 
fresh unincubated tissue, prepared in the humid chamber, and of tissue which 
had been incubated in the usual medium were taken respectively as 20 and 
19 mgm. per 100 mgm. of fresh tissue.2, A small amount of cell debris or other 
material is leached out during incubation. In experiments with 10% sucrose 
in the medium the final dry weight averaged 26 mgm. per 100 mgm. of fresh 
brain slices. This increase was due to the sucrose contained in the fluid 
of swelling. 

The term “‘original tissue water’ will mean the water content of unincubated 
slices; this is 80 wl. per 100 mgm. of tissue in the case of cerebral cortex. The 
difference between the weight of tissue after incubation and the dry weight of 
incubated tissue is taken as the total fluid volume of swollen tissue. The 
difference between this and the thiocyanate, sucrose, or inulin space is called 
the non-thiocyanate, non-sucrose, or non-inulin space of the incubated tissue. 

In Figs. 2-6, each bar represents the total weight of the incubated slices 
per 100 mgm. of the fresh unincubated tissue. The extent to which the bar 
projects to the right of the vertical dotted line indicates the extent of swelling. 
The black portion of the bar denotes the dry weight and the remainder 
represents the total fluid. The open portion represents the tracer space and 
the shaded portion represents the non-tracer space. 


Results 
Cerebral Cortex 
Table II summarizes results which show the extent of swelling which slices 
of cerebral cortex undergo when incubated for 60 min. The aerobic swelling is 
greater in bicarbonate-buffered than in phosphate-buffered medium and is 
increased, with either buffer, by the presence of glutamate in the medium. 
In the absence of oxygen the extent of swelling is appreciably increased and 


2Further determinations gave an average dry weight, for unincubated slices, of 20.3 (range, 
19.7-21.0) and, for incubated and drained slices, 18.6 (range, 17.6-19.2). 











(6), 
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TABLE II 


SWELLING OF SLICES OF RAT CEREBRAL CORTEX DURING INCUBATION (PERCENTAGE 
INCREASE IN WEIGHT AFTER 60 MIN. INCUBATION) 








L-Glutamate, 5 mM 





Aerobic Bicarbonate-buffered medium 41 + 5 (51) 51 + 7 (51) 
Aerobic Phosphate-buffered medium 35 + 3 2 46 + 5 (17) 
Anaerobic Bicarbonate-buffered medium 58 + 6 (32) 60 + 4 (4) 





NoTE: Averages + standard deviations. Numbers of determinations in parentheses. All 
differences are statistically significant (P <0.01) except the effect of glutamate on anaerobic 
swelling. 


glutamate has no obvious effect. Fig. 1 shows that the swelling develops 
rapidly during the first 15 to 20 min. and then more slowly. 

If sodium thiocyanate is introduced into the medium at various times during 
the course of aerobic incubation, it is found that, within 10 to 20 min., an 
amount is taken up by the slices which varies with the swelling while a fairly 
constant percentage of the original tissue water appears not to be occupied by 
the thiocyanate. These results are illustrated in Fig. 2, which shows that 
thiocyanate rapidly enters the tissue space available to it and that its 
concentration in the tissue does not increase appreciably even when its 
presence in the medium is prolonged. The non-thiocyanate space thus 
determined has averaged 36 wl. (+ 7 S.D., 46 experiments) per 100 mgm. of 
the unincubated tissue, or 45% of the original tissue water. 
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Fic. 1. Time course of swelling of brain slices incubated in bicarbonate-buffered 
(RBG) and phosphate-buffered (RPG) Ringer-type medium containing glucose, with and 
without 5mM L-glutamate. Each point represents the average of 3 to 10 determinations. 
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Fic. 2. Thiocyanate space and swelling of incubated brain slices. The total length 
of each bar represents the average weight of the slices after incubation, per 100 mgm. of 
initial weight. The portion to the right of the vertical broken line indicates the extent of 
swelling. The black portion represents the dry weight and the open portion represents 
the thiocyanate space. The shaded portion, obtained by difference, gives the non- 
thiocyanate space. The short marks on either side of the divisions show the widest 
range of individual determinations. The number of determinations averaged is shown 
to the left of each bar. 


Leaf (13) has reported water and chloride determinations on rat cerebral 
cortex, fresh and after incubation at 0°C. in saline medium. Calculations from 
his average figures indicate that, if the fresh tissue is assumed to have been in 
equilibrium with cerebrospinal fluid containing 125 meq./liter of chloride, its 
non-chloride space is 37.5 wl. per 100 mgm. of tissue. The incubated tissue, 
in presumed equilibrium with a medium containing 165 meq./liter of chloride, 
had a non-chloride space of 36 ul. per 100 mgm. of fresh tissue (27.7 pl. per 
100 mgm. swollen tissue). The non-chloride and non-thiocyanate spaces thus 
have closely the same volume. 

Under anaerobic conditions, the space occupied by thiocyanate increases 
and the non-thiocyanate space decreases with the length of time that the 
thiocyanate is present in the medium; after 60 min. the concentration of 
thiocyanate in the water of the slice is nearly equal to that in the medium 
(Fig. 2). 

These results are compatible with the idea that thiocyanate, like chloride, 
is almost entirely excluded from the intracellular space under aerobic condi- 
tions. The non-thiocyanate space found under aerobic conditions thus seems 
to represent the intracellular space and the thiocyanate space represents the 
extracellular space. Under aerobic conditions the thiocyanate space increases 
with tine.of incubation by an amount equal to the increase in swelling while 
thé ‘non-thiécyanate space remains constant (Fig. 2). The water of swelling 
thus appears to be extracellular. 
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Fig. 3 shows that sucrose seems to penetrate into the slice more slowly than 
does thiocyanate but, within 60 min., a non-sucrose, or intracellular, space is 
obtained which is constant under aerobic conditions and about the same’® as 
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Fics. 3 and 4. Sucrose (Fic. 3) and inulin (Fic. 4) space and swelling of incubated 
brain slices. For explanation see Fic. 2. 


’The equality of the average non-sucrose and non-thiocyanate spaces found (see Fig. 5 for resylts 
after equal incubation times, 60 min.) is possibly fortuitous. It is possible that some thiocyanate 
ts present in the intracellular space which would thus actually be slightly larger than the non- 
thiocyanate space (see Discussion). The 1% sucrose, which was added to the medium without 
compensatory omission of salt, probably shrank the intracellular space slightly by osmotic action. 
Such shrinkage is marked with 10% sucrose (see later). 
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the non-thiocyanate space. Anaerobically the non-sucrose space is consider- 
ably increased, which indicates that under anaerobic conditions part of the 
swelling is intracellular. The space occupied by sucrose under anaerobic 
conditions tends to increase somewhat with time as though cell permeability 
to sucrose were increasing. 

Fig. 4 shows that inulin occupies most of the space available to it nearly as 
rapidly as sucrose but the space finally occupied is considerably less than that 
occupied by thiocyanate or sucrose. It increases with the degree of swelling 
and can nearly all be accounted for by the water of swelling. Under anaerobic 
conditions the non-inulin space, like the non-sucrose space, increases, 
presumably as a result of increase in cell volume. 

The small molecules, thiocyanate and sucrose, evidently penetrate the 
extracellular spaces of the tissue while some structural feature of the tissue 
seems to hinder the entry of the large molecule of inulin into these spaces. 
The water of swelling, however, contains the inulin of the medium. Most of 
the fluid involved in swelling under simple aerobic conditions thus seems to be 
continuous with the medium and is not truly incorporated in the tissue. 
Swelling which occurs anaerobically, or aerobically under conditions discussed 
below, seems to involve also the intracellular space. 

A number of experiments showed that the oxygen uptake rate of slices, in 
phosphate-buffered medium, was not appreciably affected by the presence of 
thiocyanate or inulin in the concentrations used in the space determinations; 
1% sucrose accelerated the respiration slightly, about 10%. 

With rabbit cerebral cortex, Korey and Mitchell (12) obtained an average 
inulin space of 30% of the total (swollen) tissue volume, which is comparable 
with our figure of 32% for rat cortex. Allen (1) has found ferrocyanide and 
inulin spaces in swollen tissue which are equal and much smaller than either 
the thiocyanate or inulin spaces found by us. The reason for this difference 
is not clear but Allen’s conditions differed from ours; particularly he used 
sagittal slices containing mixed gray and white matter and his slices were 
twice as thick as ours. 


In Fig. 5 the differences between the spaces occupied by thiocyanate, 
sucrose, and inulin under aerobic conditions are summarized and the effects 
of various substances on the apparent intracellular space are shown. 


Stern et al. (19) and Terner, Eggleston, and Krebs (20) found that, when 
glutamate is present in the medium in which brain slices or retina are incubated, 
the glutamate is taken up and concentrated within the slice and simultaneously 
the potassium content is increased in retina, or prevented from falling in brain 
slices. In the succeeding paper (14) it is shown that glutamate causes 
increased uptake of potassium also in brain slices. Fig. 5 shows that increased 
swelling occurs in the presence of glutamate and this increase may be 
accounted for by an increase in the non-thiocyanate, non-sucrose, or non-inulin 
space. Evidently the presence of glutamate causes an increase in the 
intracellular space. 
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Fic. 5. Summary of effects of various substances on swelling and thiocyanate, sucrose, 
and inulin distribution in incubated brain slices. 


Explanation similar to that for Fic. 2. When 12 or more determinations are averaged 
the short markers indicate standard deviations, otherwise they indicate the widest range 
of results. 


In a few experiments neither pyruvate nor fumarate, 5 mM, in the medium 
affected the swelling or intracellular space while glutamine seemed to exert 
effects similar to, but smaller than, those of glutamate. 


In the presence of 40 mM potassium, the swelling and the non-thiocyanate 
space are increased just as in the presence of glutamate, and the addition of 
glutamate then has no effect. Thus potassium and glutamate produce the 
same effect and their effects are not additive. With 100 mM potassium, the 
swelling is increased by the same amount as with 40 mM but the non- 
thiocyanate space becomes smaller than the non-sucrose space. This effect 
could, perhaps, result from more extensive depolarization of cells by the very 
high external potassium concentration with consequent change in distribution 
of anions (see Discussion). 
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It was previously shown (7) that sugars in pure solution seem to exert little 
osmotic effect on brain tissue but, in a medium that contains electrolyte, 
swelling could be prevented by glucose, fructose, or sucrose. The addition of 
10% sucrose to a saline medium, which makes the medium twice isotonic, 
does indeed prevent the slice from gaining much weight on incubation but, as 
shown in Fig. 5, the non-thiocyanate and non-sucrose spaces are greatly 
decreased. The same result was obtained whether thiocyanate was present 
for 10 min. or 60 min. It would appear that the osmotic action of the sucrose 
withdraws water from the intracellular space. The extracellular space remains 
nearly as large as in tissue which has been incubated in isotonic medium. 
This suggests that the uptake of ‘‘swelling water’’ is not prevented by the 
hypertonicity. 

The oxygen uptake rate of slices in phosphate-buffered medium was 
inhibited about 18% by the presence of 10% sucrose. 

When slices were incubated in rat serum the swelling was appreciably but 
not greatly less than in saline medium. The non-thiocyanate space was 
somewhat increased, perhaps owing to glutamate and about 9 mM potassium 
in the slightly hemolyzed serum. When 7% of albumin‘ was present in the 
saline medium there was a slightly greater decrease in swelling. The protein 
in neither medium entirely prevented swelling. The albumin had no 
appreciable effect on oxygen uptake. 

With saline medium containing 3.5% polyvinyl pyrollidone® (PVP), which 
is believed to exert about the same colloid osmotic pressure as plasma, the 
swelling at 60 min. was reduced; with 7% PVP the swelling was nearly 
completely prevented. With 7% PVP the intracellular space, as judged by 
thiocyanate distribution, was somewhat larger than in ordinary saline medium. 
The increase in the non-thiocyanate space suggests that some swelling of cells 
had occurred, possibly as a result of a toxic effect of the PVP. PVP, 7%, was 
found to diminish the oxygen uptake by about 27% and to increase aerobic 
formation of acid. ‘The uptake of inulin when swelling was prevented by 
7% PVP was small. 

These results show that increase in the osmotic pressure of the medium by a 
crystalloid, sucrose, can prevent increase in weight of slices but this appears 
to be due to osmotic shrinkage of the intracellular space and not to prevention 
of the uptake of swelling water. (A number of authors (see for example (17) ) 
have suggested that cell contents are hypertonic. The shrinkage of the 
intracellular space by twice isotonic medium indicates that brain cell contents 
cannot be markedly hypertonic.) Some decrease in the water content of 
incubated slices can be brought about by colloid material in the medium but, 
unless the colloid osmotic pressure is higher than that of serum, full control 
of swelling is not achieved. The effect of 7% PVP on the inulin space 
indicates that the colloid tends to reduce swelling by diminishing the uptake 
of swelling water. 


‘Bovine serum albumin (cryst.), Pentex Inc., Kankakee, Ill. The pH of the albumin solution 
needed to be adjusted by the addition of alkali before the addition of the bicarbonate of the medium. 
5Kindly donated by Poulenc Lid. .Montreal. 
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When a slice of brain is prepared a very large number of the processes of 
nerve and glial cells must be cut. The possibility was considered that the 
great swelling which occurs when cerebral cortex slices are incubated might 
be due to penetration of the suspending medium into the cells which have 
been damaged. It was felt that experiments with brain slices of various 
thicknesses and with tissues having different cellular structures might show 
whether such an hypothesis could be true. Thick slices might be expected 
to contain a smaller proportion of cut cells and cell processes and therefore to 
swell less than ordinary slices. Slices of cerebral cortex cut about 0.75 mm. 
thick, instead of the usual 0.5 mm., were found to swell 10 to 30% less than 
slices of the usual thickness, in spite of the fact that they suffer a partial 
anoxia as judged by increased glycolysis (when studied in bicarbonate medium) 
and by a 40% reduction in oxygen uptake rate (in phosphate medium). 

Fig. 6 summarizes the results obtained with tissues other than brain. 
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Fic. 6. Swelling and thiocyanate and inulin spaces of incubated liver, kidney, 
diaphragm, and sciatic nerve preparations. For explanation see Fic. 2. The solid 
vertical divisions and the shaded areas show the results when thiocyanate or inulin was 
present for 60 min. The dotted divisions in the diagrams for nerve indicate the results 
when thiocyanate was present for only 20 min. 
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Liver and Kidney Cortex 


The cells of these tissues do not have processes and the proportion of cells 
damaged in the preparation of slices from these tissues would not be large. 
In accordance with this it was found that rat liver and kidney cortex slices 
swelled on the average only 4% and 12%, respectively, on aerobic incubation 
for 60 min. 

The behavior of liver and kidney cortex with respect to thiocyanate and 
inulin was very different from that of cerebral cortex. When thiocyanate 
was present during 60 min. of aerobic incubation it occupied the entire water 
content of these tissues. Inulin occupied about 37% of the total water in 
incubated liver slices and 47% in kidney cortex slices. In both liver and 
kidney cortex the non-inulin space was equal to about 60% of the water content 
of the original unincubated slices. Thiocyanate apparently penetrates freely 
into the intracellular spaces in these tissues, at least im vitro. The barrier to 
the penetration of inulin seems to be the cell membrane, and not some other 
structure as in cerebral cortex; the non-inulin space thus seems to represent 
the intracellular space in liver and kidney cortex. 

It can be calculated from the figures of Robinson (16) that, in his experiments 
in phosphate-buffered isotonic medium at 38°C., rat kidney cortex slices swelled 
about 8%, which is close to the average swelling observed by us. Robinson 
estimated that inulin occupied about 34% of the final water content, which is 
less than we observed. It is not clear whether he measured the inulin space 
at 38° C. and he apparently determined only the inulin which would diffuse 
from the slices into water. 


Diaphragm 

Diaphragm represents a tissue with elongated cells. Sectors of rat 
diaphragm, cut radically, swelled about 15%. Similar sectors which had 
been subdivided into five smaller pieces by cuts with a razor blade parallel to 
the circumference swelled about 22%. The whole sectors probably contained 
cut cells at the circumference and edges, which might account for part of the 
small swelling observed, but in the subdivided pieces the results with 
thiocyanate and inulin (see below) indicate that a large proportion of cells 
were damaged and, as expected, increased swelling occurred. 

With diaphragm, not subdivided, thiocyanate and inulin occupied approxi- 
mately equal spaces. Thiocyanate thus appears to be largely excluded from 
the intracellular space, as in cerebral cortex. As in liver and kidney but not 
cerebral cortex, there is apparently no barrier to the penetration of inulin 
other than the cell membrane. Both thiocyanate and inulin distribution 
indicated that the intracellular space comprises about 50% of the original 
tissue water. When the tissue was cut up, thiocyanate and inulin both 
occupied nearly all the tissue water, which suggests either that these substances 
can penetrate cut ends of muscle cells or that damage to the cells caused the 
cell membranes to lose their selective permeability characteristics. 

Creese (6) found an inulin space of 26 ml. per 100 gm. of incubated rat 
diaphragm, which is lower than our mean figure of 46 ml. for sectors. The 
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difference may be due partly to greater damage done in our dissections and 
partly to incomplete extraction of the inulin from the tissue by Creese, who 
used simple diffusion, for a limited time, from the intact tissue. 


Nerve 


Rat sciatic nerve increased in weight by about 31% on aerobic incubation 
and the extent of swelling was not appreciably increased by cutting the length 
of nerve used into five shorter pieces. On the other hand the swelling was 
consistently, though variably, reduced by tying the main ends of nerve before 
incubation. Possibly the swelling would have been further reduced if all 
branches from the nerve could have been tied off. Thiocyanate evidently 
penetrated the intracellular spaces progressively since the non-thiocyanate 
space decreased with time. Inulin seemed to occupy little more than the 
water of swelling, as in cerebral cortex. 


Discussion 


Others (e.g. (1) ) have assumed, mainly from many histological studies, 
that the swelling of brain tissue is to be accounted for by swelling of cells, that 
is, the water of swelling is intracellular. Such histological studies, however, 
have been made with fixed tissue and the situation is almost certainly changed 
by the usual process of fixation, which involved treatment of the tissue with 
solutions of high osmotic pressure. The present studies with thiocyanate and 
sucrose indicate that the water of swelling in cerebral cortex, under aerobic 
conditions in medium without glutamate, is extracellular. The results with 
inulin suggest that, in cerebral cortex and in nerve, this water of swelling is not 
continuous with the normal extracellular fluid. The nature of this ‘‘third”’ 
space, presumably abnormal, which differs from the intracellular and the 
normal extracellular spaces, is obscure. 

The total extracellular space of incubated brain slices, as judged by sucrose 
distribution, did not vary widely in the presence or absence of glutamate, 
10% sucrose, or 100 mM potassium or under anaerobic conditions (Figs. 3 
and 5). The inulin spaces found under aerobic and anaerobic conditions 
also did not differ greatly (Fig. 4). It seems that, during a given period of 
incubation, the normal part of the extracellular space does not change much 
under varying conditions and that a fairly constant amount of fluid is taken 
up and constitutes the ‘‘third”’ space, i.e., most of that part of the extracellular 
space which can be occupied by inulin. Differences in degree of total swelling 
under various conditions are due mainly to differences in degree of intracellular 
swelling, except that increased colloid osmotic pressure can diminish the 
inulin or ‘‘third’’ space. It is thus probably legitimate to consider that an 
increase in weight of slices up to about 40%,° in 60 min. in medium containing 
no added colloid, is due to uptake of “‘extraneous” fluid, that is, fluid which 

*This figure, which is the average of a large number of determinations in the usual medium, 
containing thiocyanate or no tracer, is accepted rather than figures obtained when sucrose or inulin 


was present, since the contributions of these substances to the osmotic pressure of the medium were 
not compensated for by omission of salt. 
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should be regarded as suspending medium which has been absorbed but is 
not part of the tissue. This uptake of fluid seems to be the major form of 
swelling im vitro. In addition to this uptake of fluid, however, intracellular 
swelling takes place under aerobic conditions, if the medium contains 
glutamate or a high concentration of potassium, and under anaerobic condi- 
tions. (Under anaerobic conditions there is also a change in cell membranes 
which allows slow intracellular accumulation of thiocyanate and, to a small 
extent, of sucrose.) Consideration of the concentrations of electrolytes and 
other substances in the intracellular space must take into account increases 


which occur in this space under the above-mentioned and possibly other 
conditions. 


The experiments with thick brain slices and with tied off nerve and the 
comparisons between brain, diaphragm, deliberately damaged diaphragm, 
liver, and kidney suggest that the swelling in the “third space”’ results from 
mechanical damage to cell processes. The mechanism by which damage to 
cell process could cause the swelling is not explained. Simple penetration of 
fluid through the ends of cut processes would be expected to allow thiocyanate, 
sucrose, or inulin to enter the intracellular space and, as a result, the ‘‘non- 
spaces’”’ should decrease with time. This did not occur with brain under 
aerobic conditions and, even in cut up nerve, inulin did not seem to occupy 
more than the water of swelling. It is possible that this swelling affects only 
the cut ends of processes and the fluid at these sites is not in free communica- 
tion with the main intracellular space, nor, judging by the results with inulin, 
continuous with the normal extracellular space. 

The similarity of the effects of glutamate and high potassium in causing 
intracellular swelling, and the fact that their effects are not additive, is of 
peculiar interest. Glutamate and high potassium are known to exert similar 
effects on a large number of aspects of brain metabolism (see for example 
(18) ). The intracellular swelling under anaerobic conditions is doubtless due 
to interference with energy metabolism as discussed by others (see for 
example (17) ). 

The distributions of thiocyanate and sucrose in incubated brain slices are 
similar and it has been assumed that both are excluded from the intracellular 
space. Coombs, Eccles, and Fatt (4), however, have evidence that thiocyanate 
crosses neuronal membranes as readily as chloride. In this case the distribu- 
tion of thiocyanate, like that of chloride, would be governed by the cell 
membrane potential according to the Nernst equation, E = 62 log (anion 
outside) /(anion inside) at 38°C. Taking the membrane potential of neurons 
of the mammalian central nervous system as about —70 mv. (resting 
potential—Brock, Coombs, and Eccles (2), Phillips (15) ), this equation would 
indicate that the concentration of thiocyanate inside the neurons should be 
about 7.5% of that outside. There is also evidence that ‘“‘glial’’ cells have 
membrane potentials of the same order (3) so that the above distribution 
might apply to the majority of cells in the tissue. The decrease in non- 
thiocyanate space found under anaerobic conditions could be due not to a 
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change in permeability of membranes to thiocyanate but to a decrease in the 
membrane potential. The methods used in the present work cannot 
distinguish between impermeability and membrane potential distribution. If 
the distribution of thiocyanate is governed by membrane potential and this 
is as high under aerobic conditions in vitro as it is in vivo, then the intracellular 
space should be about 7.5% greater than the non-thiocyanate space found 
in the aerobic condition. The thiocyanate space of swollen tissue, which is 
the quantity actually measured, would be about 3% greater than the total 
extracellular fluid. This difference is within the experimental variability of 
the procedure. 

The distribution of thiocyanate in incubated diaphragm could also be 
determined by membrane potential. In the cases of liver and kidney cortex, 
however, where thiocyanate occupies the entire water content of the tissue, 
the theory cannot apply unless we assume that there is no potential across the 
cell membranes in these tissues im vitro. Others (e.g. (21) ) have shown that 
in liver im vivo, thiocyanate and chloride occupy less than the entire water 
space. A medium resembling intracellular fluid seems to be more satisfactory 
than one resembling extracellular fluid for studies on glycogen synthesis by 
rat liver slices (see (10) ). It seems possible that the normal membrane 
permeability characteristics and potentials of liver and kidney cells are 
lost im vitro. 

In the living animal, brain often swells greatly following trauma, in the 
neighborhood of expending lesions, or during surgery. In an earlier study (9) 
it was pointed out that there are at least two kinds of swelling im vivo. One 
occurs very rapidly and is probably due to a dilatation of blood vessels or 
increase in cerebrospinal fluid volume and was referred to as “‘inflation’’. The 
other is more chronic and is due to true tissue edema. It seems possible that 
types of swelling which occur in vitro and edema which occurs im vivo may be 
essentially the same phenomena. Swelling in the ‘‘third space’’ may occur as 
a result of damage to cell processes, and intracellular swelling may result from 
interference with circulation and metabolism. 
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DETAILED STUDY OF A PURIFIED URINARY 
ALDOSTERONE FRACTION! 


By WojctecH J. Nowaczynski, Paut R. STEYERMARK,? Ericu Korw, 
JacQuEs GENEST, AND R. NORMAN JONEs? 


Abstract 


Extensive purification of an aldosterone fraction obtained after two chromato- 
graphic separations (Zaffaroni’s propylene glycol/toluene system and Bush C 
system) from crude neutral extract is described. Highly purified aldosterone 
was isolated in four instances. At least four other compounds which may be 
related to aldosterone were found in this fraction. A procedure is proposed for 
the isolation and determination of highly purified aldosterone. 


Introduction 


The study of aldosterone excretion in urine is of paramount importance for 
a better understanding of the physiopathology of the regulation of electrolytes, 
of generalized edema, and of the persistent elevation of the blood pressure 
(6, 6a). The infinitesimal concentration of this hormone in body fluids, and 
the presence of other steroid or non-steroid substances which may interfere 
with its biological assay in adrenalectomized rats or with its chemical or 
physical determination, make it imperative to isolate aldosterone in a high 
degree of purity. Only in this way will the interpretation of results be fully 
accurate and meaningful. 

Pure aldosterone has been isolated from the urine of a nephrotic boy (12, 13) 
and from the urines of patients with cardiac failure (14). 

In this paper, the results of an extensive purification of an aldosterone 
fraction isolated from various urines are presented. This fraction, on which 
we are performing routinely the aldosterone bio-assay, was obtained after two 
successive chromatographic separations of crude neutral urinary extracts, 
first in Zaffaroni’s propylene glycol/toluene system (25), and second in 
Bush C system (6, 7). 

In this study only those chromatograms were further investigated where 
definite ultraviolet absorbing spots could be observed in the ‘‘aldosterone 
zone”’ using a light source with a maximum at 254 my.* The sensitivity of 
this procedure for the determination of ultraviolet absorbing spots by eye is 
about 8 wgm. It is therefore possible that aldosterone or other compounds 
have escaped detection if their concentration was below this level on any of 
the successive chromatograms. 

‘Manuscript recetved May 3, 1956. 

Contribution from the Clinical Research Department, Hotel-Dieu Hospital, Montreal, Que., and 
the Division of Pure Chemistry, National Research Council, Ottawa. 

Work supported through grants given to Dr. Jacques Genest by the Ministries of Public Health 
(Federal—Provincial Plan), the Life Insurance Medical Research Fund, the National Research 
Council of Canada, and the Ciba Company. Issued as a publication from the Laboratories of the 
National Research Council of Canada (N.R.C. No. 4048). 

2Present address: Monsanto Canada Limited, Montreal. 


*From the National Research Council, Ottawa. : 
*Model RV 41, Research Equipment Corporation, California. 
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We could positively identify aldosterone in the urine of a patient suffering 
from a severe Cushing’s syndrome due to a bilateral adrenal hyperplasia as 
well as in the urines of two normal eight-month pregnant women. We also 
succeeded in isolating from a number of urines (see description of cases) four 
other substances which do not separate easily from aldosterone. This study 
enables us to propose better purification procedures for the determination 
of aldosterone. 


Isolation of Aldosterone (Cpd. I) and Characterization 
of Compound II (Fig. 1) 


Description of the Case 


This patient was a 28-year-old farmer who complained of generalized pains 
of the joints and bony surfaces, of marked asthenia, obesity, complete 
impotence, and dyspnea with episodes of orthopnea and ankle edema. The 
onset of his disease began two years previously. 

On physical examination, the patient showed the typical ‘‘Cushing’’ appear- 
ance: plethora of the face with moon-like features, marked truncular obesity, 
advanced muscular atrophy, numerous purplish striae of the body, the feet, 
the axilla, and the arms. Blood pressure was 190/125 mm. Hg. Laboratory 
tests revealed the following findings: plasma sodium, 153 meq./liter; plasma 
potassium, 2.45 meq./liter; blood eosinophiles, 1, 2, 5, and 16 per mm}; 
glycosuria of 12 gm./liter; insulin resistant diabetes; urinary 17-ketosteroids, 
30, 17, 16, and 14 mgm./day; total urinary formaldehydogenic corticosteroids, 
5.3 mgm./day. The electrocardiogram revealed a sinus tachycardia at 130/ 
min. and signs compatible with an anteroseptal infarction. The roentgenograms 
of the skeleton showed a very advanced osteoporosis and compression 
fractures of several vertebrae and fractures of five ribs and of the pubis. 

Diagnosis at operation: Cushing’s syndrome due to bilateral adrenal 
hyperplasia. 

This patient excreted Compounds I (aldosterone), II, and III. 


A 24-hr. urine aliquot was extracted, in a separatory funnel, at pH 1 with 
four successive portions of 0.2 volume of chloroform. The remaining urine 
was incubated at pH 4.5 with 6-glucuronidase (300 units/ml.) at 37° C. for 
24 hr., and was re-extracted in the same way.* The chloroform extracts were 
pooled and then washed twice with 0.1 volume of 0.1 N sodium hydroxide and 
once with 0.1 volume of distilled water. The washings were back-extracted 
with equal volumes of chloroform. After evaporation of the extract in a 
rotary evaporator, the residue was chromatographed for 96 hr. in Zaffaroni’s 
toluene/propylene glycol system. The aldosterone—cortisone zone was eluted 
in a modified Haines device (10) with 50 ml. of ethanol, followed by 25 ml. of 
chloroform. The residue of the eluate was then run in the Bush C system 
consisting of toluene 90, ethyl acetate 10/50% aqueous methanol. The zone 


*Extracts of ‘‘blank’’ B-glucuronidase preparation treated similarly did not reveal any ultraviolet 
absorbing ‘‘spots’’ in the aldosterone zone. 
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Fic. 1. The compound I (aldosterone) and the compound II were isolated and purified 
using successively Zaffaroni, Bush C, and Bush B 5 systems. The curves represent the 
ultraviolet absorption spectrum and the chromogenic spectra of Compounds I and II in 
100% phosphoric acid and in concentrated sulphuric acid. 


corresponding to aldosterone was eluted and rechromatographed in Bush B 5 
system (benzene/55% aqueous methanol). A separation into two ultraviolet 
absorbing spots, I and II, was observed. 

Spots I and II were eluted and rerun separately in Zaffaroni and then in 
Bush C system. Their positions are shown in Fig.1. All the chromatographic 
separations were carried out on Whatman 2 paper, at a temperature of 
21°-23° C. 


Identification of Aldosterone 


The following identification procedures were applied to Compound I 
(Spot I, Fig. 1). 
(1) Ultraviolet absorption spectrum: 


Max. at 239 mu Min. at 225 mu 
(2) Absorption spectrum in concentrated sulphuric acid (24): 

Max. at 288 mu Min. at 234 mu 
(3) Absorption spectrum in 100%" phosphoric acid (19, 20): 

Max. at 282 mu Min. at 237 mp 


(4) Blue tetrazolium reduction (18): Positive. 
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(5) S.P.R.* reaction for 17-hydroxycorticoids (22): Negative. 
(6) Ry; values: 

Bush C system Ry = 0.32 

Bush B 5 system Ry = 0.39 


The positions of Compound I in all chromatographic systems used, as well 
as the identification reactions mentioned above, indicate that the substance is 
identical with aldosterone. The amount, calculated from the ultraviolet 
absorption data (16), is 50 wgm./24 hr., while the reaction with blue tetra- 
zolium gives 51 ugm./24 hr. 


Characterization of Compound II 


This compound was obtained in the urine aliquot from the same Cushing's 
syndrome patient described above, and was studied by the same techniques 
(Spot II, Fig. 1). In addition, its infrared absorption spectrum was 
determined. 

The following results were obtained. 

(1) Ultraviolet absorption spectrum: 

Max. at 238 mu Min. at 225 mu 

(2) Absorption spectrum in concentrated sulphuric acid: 

Max. 280, 325 (I)t, 438 mu Min. 243, 364 mu 

(3) Absorption spectrum in ‘‘100%”"’ phosphoric acid: 

Max. 280, 380 mu Min. 233, 345 my 

(4) Blue tetrazolium reaction: Positive. 

(5) S.P.R. reaction for 17-hydroxycorticoids: Negative. 

(6) Bush fluorescence test on paper: Positive. 

(7) Ry values: 

Bush C system Ry 
Bush B 5 system Ry 

(8) Infrared spectrum: 

The infrared spectrum of Compound II was determined in chloroform 
solution at 1 mm. path length on a Perkin-Elmer Model 21 spectrophotometer 
with sodium chloride prism. The absorption in the C—O and C=C stretching 
regions is shown in Fig. 2. In addition, typical hydroxyl bands were observed 
at 3625 and 3520 cm.-!; the small sample available (125 ugm.) precluded 
study of the “fingerprint’”’ region of the spectrum. 

The four bands shown in Fig. 2 occur at 1730, 1708, 1665, and 1615 cm.*. 
The unusual feature of this spectrum is the 1730 cm. band, but the remainder 
of the spectrum will be discussed first. In Fig. 3A allowance has been made 
for the overlap effect of the 1730 cm.—! band on the remainder of the spectrum 
by reflecting the 1730-1800 cm.—! envelope and subtracting it from the 1730- 
1650 cm.—! envelope. The bands at 1665 and 1615 cm.~! can be assigned to 
the A‘-3-ketone group, and the 1708 cm. band, in part at least, to the 
20-ketone group (11). In A‘-3,20-diketosteroids: the 20-ketone maximum is 


0.32 
0.31 


*Sulphuric acid/phosphoric anhydride reagent—specific for 17-hydroxycorticoids. 
{Designates inflection or plateau. 
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Infrared spectrum of Compound II in chloroform solution. 
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Fic. 3. A. ————— Infrared spectrum of Compound II replotted on a linear 
scale of optical density. 
hind piareninie en Reflection of the 1730 cm.—! component. 
Spectrum corrected for the 1730 cm.~' component. 
B. Infrared spectrum of A‘-pregnene-17a-ol-3,11,20-trione 
(chloroform solution). 
C. Infrared spectrum of ree ee 
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weaker than the A‘-3-ketone band as is seen from the spectra of progesterone, 
17 a-hydroxyprogesterone, and corticosterone (4). It is therefore presumed 
that in Compound II there is an additional carbonyl group contributing to 
the 1708 cm. absorption. This is most probably a Cu-ketone, and the 
relative intensities of the 1708, 1665, and 1615 cm.— bands of the corrected 
curve of Fig. 3A agree well with those for A‘-pregnene-17a@-ol-3,11,20-trione 
and A‘-pregnene-21-ol-3,11,20-trione as measured under the same experimental 
conditions (Figs. 3B, 3C). As Compound II shows hydroxylic absorption 
and gives a positive blue tetrazolium test, the partial structure I is suggested 
for this substance. 
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The nature of the 1730 cm. band remains to be discussed. Absorption at 
this position in steroids is commonly associated with (a) aliphatic esters, 
(b) §-lactone groups, (c) 17-ketone groups, but none of these would be a 
reasonable assignment in this case. Having regard to the chromatographic 
behavior of the compound, and its likely relationship to aldosterone, its 
identification with 11-dehydro-aldosterone (II) may be considered. 

No steroids containing a free C,s-aldehyde group have hitherto been 
reported, but it is known that the carbonyl groups of aldehydes absorb at 
higher frequencies than those of comparable ketones. The Cy-aldehyde 
group of strophanthadin and 19-oxoprogesterone absorbs near 1718 cm. in 
chloroform solution, and other aldehydes have been reported in the range 
1730-1717 cm. (Table I). 

The possibility must also be considered that the 1730 cm.— band of 
Compound II is an artefact associated with a solvent impurity, and in spite 
of the most rigid standards of solid purification, it is extremely difficult to 
eliminate this possibility in micro samples derived from paper chromatographs, 
where the solvent/solute ratios are extremely high. Absorption spectra are 
shown in Fig. 4 for the evaporated residues from blank runs with the Bush B 5 
and Bush C systems under conditions simulating those used in the isolation 
of Compound II. Both of these control spectra do show weak absorption bands 
with maxima near 1725 cm.~. 

The significance of the 1730 cm.-! band of Compound II must remain 
questionable until sufficient material is available for purification by other 
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TABLE I 


CHARACTERISTIC C=O STRETCHING FREQUENCIES OF ALIPHATIC 
ALDEHYDES IN CHLOROFORM SOLUTION 











Compound Vmax., cm.~! 
Propionaldehyde* 1730 
Citronellal® 1725 
w-Hydroxycitronellal? 1725 
Trimethylacetaldehyde® 1722 
Strophanthadin® 1718 
19-Oxoprogesterone® 1717 





*See Reference 1. z 
’Spectrum measured in these laboratories. 
‘Private communication from Dr. T. F. Gallagher. 
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Fic. 4. A. Infrared spectrum obtained on an evaporated residue from a blank run 
with the Bush B 5 system (chloroform solution). 


B. As above for the Bush C system. 


techniques. If the validity of this band is discounted, the spectrographic 
evidence would tend to identify Compound II with 11-dehydrocorticosterone. 
Compound II is much more polar than 11-dehydrocorticosterone as is demon- 
strated by the chromatographic behavior in all systems used. This is highly 
suggestive of the presence of an additional oxygen-containing functional group. 

(9) The amount of the compound was calculated from the ultraviolet 
absorption data, assuming for its molecular weight the value of 390 and for 
its molecular extinction coefficient the value of 15,800. It was found to be 
232 ugm./24 hr. The determination by our quantitative blue tetrazolium 
procedure (17) gave 288 ugm./24hr. The Bush fluorescence test, carried out 
together with three different amounts of cortisone as standard, indicated 
approximately the same amount of Compound II as found by both quantitative 
procedures above. 
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Several 24-hr. urine aliquots from this same patient described above were 
studied similarly and the results have shown considerable variations both in 
the steroid chromatographic pattern and in the aldosterone content. These 
findings will be reported separately. 


Isolation of Aldosterone in Pregnancy (Cpd. In—Fig. 5) 
Description of the Case 


This subject was a 25-year-old woman in the ninth month of her first 
pregnancy, which was normal in every respect. Blood pressure was 110/65 
mm. Hg and there was no ankle edema nor any albuminuria. Normal diet. 

A 24-hr. urine aliquot was brought to pH 1 and extracted continuously in a 
Cohen extractor (3) with a volume of chloroform equal to half the urine 
volume. After 24 hr., the remaining urine was extracted by hand with one- 
third volume of chloroform. The combined extracts were washed with alkali 
and water as described on p. 1024. The residue of the chloroform extract was 
chromatographed on a 2.5 gm. column of silica gel (15). The corticosteroid 
fraction obtained was chromatographed for 96 hr. in Zaffaroni’s propylene 
glycol/toluene system. The aldosterone—cortisone zone was eluted and then 
run in the Eberlein—Bongiovanni’s E,B system (5), consisting of isooctane 
500 ml., tertiary butanol 250 ml., and water 450 ml. The aldosterone 
fraction, more polar than hydrocortisone, was rechromatographed in Bush 
B 5 and Bush C systems. 

The eluate from the aldosterone zone in the last chromatographic system 
was submitted to the following identification tests: 

(1) Ultraviolet absorption spectrum: 

Max. at 238 my 
(2) Absorption spectrum in concentrated sulphuric acid: 


Max. at 288 my Min. at 240 mu 
(3) Absorption spectrum in “‘100%” phosphoric acid: 
Max. at 280 mu Min. at 245 mp 


(4) Blue tetrazolium reaction: Positive. 
(5) S.P.R. reaction for 17-hydroxycorticoids: Negative. 
(6) Ry, values: 
Bush C system Ry = 0.32 
Bush B 5 system Ry; = 0.38 
E.B system (Table II) 
(7) Bush fluorescence: Positive (2). 


TABLE II 


E:B SYSTEM: DURATION EIGHT HOURS, TEMPERATURE 24° C., WHATMAN No. 2 PAPER, 
DISTANCES IN CENTIMETERS FROM THE STARTING LINE 








Compound V 8.3 Hydrocortisone 11.3 Compound IV 16.2 
Aldosterone Std. 9.6 Cortisone 13.8 Corticosterone 19 
Compound I, 9.6 Compound III 16.2 Liquid front 31.4 
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Fic. 5. The compound Ig (aldosterone) was isolated and purified using successively 
Zaffaroni, Eberlein—Bongiovanni E,B, Bush B 5, and Bush C systems. The curves 
represent the ultraviolet absorption spectrum and the chromogenic spectra of Compound 
Ip in 100% phosphoric acid and in concentrated sulphuric acid. 


The amount calculated from ultraviolet absorption data was 105 ygm./24 
hr., while the blue tetrazolium reaction gave 103 ugm./24 hr. 

This same patient was restudied during her second pregnancy, which was 
also normal as far as: blood pressure and absence of edema or albuminuria. 

A 48-hr. urine aliquot collected at the beginning of the ninth month was 
continuously extracted at pH 1 for 24 hr. with chloroform. After washings 
with alkali and water: the extract was purified successively on (1) Silica Gel 
column, (2) Zaffaroni’s propylene glycol/toluene system, (3) Eberlein- 
Bongiovanni’s E,B system, (4) Bush B 5 system. On the last chromatogram 
108 ywgm. of aldosterone per 24 hr. were found after identification by the 
same procedures mentioned above, including the chromogen spectra in 
concentrated sulphuric acid and in ‘‘100%”’ phosphoric acid. 

A second pregnant woman was also studied one week before delivery. The 
pregnancy was normal in every respect. 

A 24-hr. urine aliquot was extracted with chloroform continuously for 
24 hr. at pH 1 and purified successively on (1) Silica Gel column, (2) Zaffaroni’s 
propylene glycol/toluene system, (3) Eberlein—Bongiovanni’s E,B system, 
(4) Bush B 5 system. Aldosterone was identified by the same procedures as 
mentioned above including the chromogen spectra. The amounts found by 
ultraviolet absorption and by reduction of blue tetrazolium were identical: 
69 ugm./24 hr. 


Isolation of Compounds III and IV (Fig. 6) 


Description of Patients 
(1) Patient with Cushing’s syndrome described above. This patient 
excreted Compound III in addition to Compounds I and II. 
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Fic. 6. The compounds III and IV were isolated and purified using successively 
Zaffaroni, Bush C, Bush B 5, and Eberlein—Bongiovanni E2B systems. The separation 
of the two compounds from each other occurred only after chromatography on a 
Kieselguhr column. The curves represent the ultraviolet absorption spectrum and the 
chromogenic spectra of Compounds III and IV in 100% phosphoric acid and in con- 
centrated sulphuric acid. 


(2) 28-year-old normal man. 
urine. 

(3) 64-year-old physician with severe essential hypertension of five years’ 
duration. Blood pressure was 230/130 mm. Hg and there was a marked 
and generalized arteriosclerosis. Heart examination showed a soft systolic 
mitral, and aortic murmur with a slight enlargement of the left ventricle. 
No rales were heard over the pulmonary bases. The renal function studies 
showed a blood urea of 35 mgm. %, phenolsulphonephthalein excretion of 
45% in 70 min., and a urea clearance of 61%. This patient excreted both 
Compounds III and IV. 

(4) 59-year-old man with malignant hypertension. The blood pressure 
was 230/125 mm. Hg and the fundi showed bilateral edema of the disks with 
severe retinopathy. The studies of the renal function revealed a blood urea 
of 49 mgm. %, the presence of red cells and hyaline casts in the urine, a 
phenolsulphonephthalein excretion of 16% in 70 min., and a urea clearance 
of 17% of normal. This patient excreted Compound ITI. 

Compound III was isolated from the same ‘‘aldosterone fraction” and was 
present in the urine of the four different subjects described above whereas 
Compound IV was isolated in one instance only. 


Compound III was found in this subject’s 
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The extraction techniques were the same as for Compound I except in one 
case, where the procedure was identical with that used for Compound Is. 
The two substances could not be separated from one another in any of the 
five different chromatographic procedures using Zaffaroni’s propylene glycol/ 
toluene system, Bush C, Bush B 5, Eberlein—Bongiovanni’s E.B, and 
Gornall’s petroleum ether/propylene glycol: water (50 : 50) (9) systems. 

Before their separation on a Kieselguhr column these two substances, which 
formed only one ultraviolet absorbing spot in the above chromatographic 
systems, reduced blue tetrazolium in amounts equivalent to one fifth to one 
ninth the quantity calculated from their ultraviolet absorption. Compounds 
III and IV could only be separated by column chromatography on Kieselguhr 
(Table III) (21). This procedure also eliminated several blue tetrazolium 
reducing substances which were present in small amounts only. No further 
studies were made on these substances. 

The following identification tests were performed: 


Compound III 
(1) Ultraviolet absorption spectrum: 
Max. at 239 mu 
(2) Absorption spectrum in concentrated sulphuric acid: 


Max. 288, 450 my Min. 240, 370 mu 
(3) Absorption spectrum in ‘‘100%” phosphoric acid: 
Max. 285, 365 (I1)*, 472 mu Min. 240, 430 mu 


(4) Blue tetrazolium reaction: Negative. 
(5) S.P.R. reaction: Negative. 
(6) Bush fluorescence reaction: Positive. 
(7) Micro-Zimmerman reaction for 17-ketosteroids (23): Negative. 
(8) Ry values: 
Bush C system Ry = 0.27 
Bush B 5 system Ry = 0.34 
EB system (Table II) 
(9) Kieselguhr column (Table III): 
The blue tetrazolium reducing substances were eluted in further fractions 
by chloroform. 
The amount of Compound III found in the five cases studied varied from 
50 ugm. to 2 mgm. per 24hr. The R,; value of the acetylated Compound III 
in Bush C system was 0.82 compared with 0.27 for the free compound. 


Compound IV 
(1) Ultraviolet absorption spectrum: 
Max. at 238 mu 
(2) Absorption spectrum in concentrated sulphuric acid: 
Max. at 288, 380-470 my (plateau) Min. at 240 my 
(3) Absorption spectrum in “100%” phosphoric acid: 
Max. at 283 my Min. at 240 my 


*Designates inflection or plateau. 
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TABLE III 


KIESELGUHR/WATER 1:1 w/w (STATIONARY PHASE) 








Fractions Solvents (mobile phase) 





Free Petroleum-ether 200 cc. 


Petroleum-ether 150 cc., benzene 50 cc. 
Petroleum-ether 100 cc., benzene 100 cc. 
Petroleum-ether 50 cc., benzene 150 cc. 
Petroleum-ether 20 cc., benzene 180 cc. 
Benzene 200 cc. 

Compound III Benzene 90cc., chloroform 10 cc. 
Benzene 80cc., chloroform 20 cc. 
Benzene 70 cc., chloroform 30 cc. 
Benzene 60 cc., chloroform 40 cc. 
Benzene 55 cc., chloroform 45 cc. 
Benzene 100 cc., chloroform 100 cc. 


=—= oO 
NK OCoO~ Aur wd 


Free 13 Benzene 68 cc., chloroform 132 cc. 
14 Benzene 25 cc., chloroform 75 cc. 

Compound IV 15 Benzene 25 cc., chloroform 75 cc. 
16 Chloroform 200 cc. 

Free 17 Chloroform 200 cc. 





(4) Blue tetrazolium reaction: Negative. 

(5) S.P.R. reaction: Negative. 

(6) Ry; values in all systems used are the same as for Compound III. 

(7) Kieselguhr column (Table III). 

Compound IV was obtained in the urine of one patient only and the amount 
found was 40 uwgm./24 hr. following seven different paper and one column 
chromatographic separations. 


Isolation of Compound V (Fig. 7) 


Description of the Case 

The patient was a 13-year-old girl with a typical Cushing’s syndrome who 
complained of the following symptoms of two and one-half years’ duration: 
weight gain of about 70 pounds; hirsutism of the face, the back, the shoulder, 
the abdomen, the arms, and the thighs; facial acne; purplish abdominal and 
ankle striae; and amenorrhea. 

On physical examination, the patient was found to have a moon-like and 
plethoric aspect of the face, a truncular obesity, marked hirsutism and 
numerous purplish striae. Blood pressure was within normal limits. 

Laboratory tests revealed normal blood electrolytes (Na, K, Cl, and COs), 
urinary 17-ketosteroids excretion at 17 and 13 mgm./day, urinary formalde- 
hydogenic corticosteroids of 4.1 mgm./day. 

The glucose tolerance test and the insulin tolerance test showed an insulin- 
resistant diabetes. 

Diagnosis at operation: bilateral adrenal hyperplasia. 











NOWACZYNSKI ET AL.: PURIFIED URINARY ALDOSTERONE FRACTION 1035 











00. CPD. V 
-700- ZAFF E,8 B,C 
.600 UV 

airs ~H2S0, 
-500 ia H3PO, 
.400 
.300 
-200 
se . gen, 
- 100 ~~ eee ~ 
a s oe 





240 300 360 4200 480 540 600 my 
Fic. 7. The compound V was isolated and purified using successively Zaffaroni, 
Eberlein—Bongiovanni E,B, Bush B 5, and Bush C systems. The curves represent the 


ultraviolet absorption spectrum and the chromogenic spectra of Compound V in 100% 
phosphoric acid and in concentrated sulphuric acid. 


A 24-hr. urine aliquot adjusted to pH 1 was extracted continuously with 
chloroform for 24 hr. as outlined in case Ip. After alkali and water washings, 
the extract was purified successively on (1) Silica Gel column, (2) Zaffaroni’s 
propylene glycol/toluene system, (3) Eberlein—Bongiovanni’s E,B system, (4) 
Bush B 5 system, (5) Bush C system. The following results were obtained: 

(1) Ultraviolet absorption spectrum: 

Max. at 238 mu 
(2) Absorption spectrum in concentrated sulphuric acid: 


Max. at 285 mu Min. at 234 mu 
(3) Absorption spectrum in “100%” phosphoric acid: 
Max. at 278, 479 mu Min. at 236, 420 mu 


(4) Blue tetrazolium reaction: Negative. 
(5) Bush fluorescence reaction: Positive. 
(6) Ry values: 
Bush C system Ry, = 0.32 
Bush B § system R; = 0.30 
E.B system (Table II) 


No suggestion as to the chemical structure of this substance can be offered 
as yet; the only positive evidence available so far indicates the presence of 
an @-unsaturated ketonic group (ultraviolet absorption, chromogenic spectra 
in 100%"’ H3PQx,, in concentrated H2SO,, Bush fluorescence reaction) and 
the absence of a a-ketolic side chain (blue tetrazolium). 

This compound is however very interesting because of its positions in various 
chromatographic systems used. Its close similarity to aldosterone in this 
respect has to be taken into consideration. The amounts found per 24 hr. 
were: 180 ugm. 
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Discussion 


No single method yet reported permits the isolation and the determination 
of aldosterone in a high degree of purity. Biological assays of the aldosterone 
fraction obtained following Zaffaroni and Bush C paper separations (6, 7, 8, 
15, 16) are assays of a possible mixture of at least five closely related substances. 
Physical or chemical determinations of such fractions by a blue tetrazolium 
reaction, by ultraviolet absorption, or by fluorescence in 10% sodium 
hydroxide lack specificity. 

Besides the compounds isolated in this aldosterone fraction and described 
above, we have found several blue tetrazolium reducing substances in small 
and variable amounts, and not further identified. These probable impurities 
which accompany Compounds III and IV on the various paper chromato- 
graphic systems could be separated after a Kieselguhr column chromatography. 

We have found that the initial purification of the crude neutral extracts of 
urines by the use of silica gel columns (15) offers the advantage of removing 
many substances which interfere or disturb the subsequent paper chromato- 
graphic separations. 

Compound II is slightly more polar than aldosterone in Bush B 5 system, 
while its position in the Zaffaroni and Bush C system is the same as that of 
aldosterone. This compound was isolated so far only in a case of Cushing’s 
syndrome. 

Compounds III and IV can be separated very well from aldosterone in the 
EB system, while their polarity in all other systems tested is only very slightly 
higher than aldosterone. These two compounds could be separated from each 
other only by the use of a Kieselguhr column (21). Compound V is more 
polar than aldosterone in Bush B 5 system where it has a R; value almost 
identical to the one of hydrocortisone, while in all other systems tested, it 
behaves similarly to aldosterone. 

The occurrence and significance of Compounds II, III, IV, and V are not 
known at the present time. They can be found singly or as a mixture of 
two or three compounds. Because of the different extraction-hydrolysis and 
purification procedures, no quantitative comparison between the results can 
be made. Work for the study of the infrared spectra of Compounds III, IV, 
and V and the biological activity of Compounds II, III, IV, and V is in 
progress. 

Our findings indicate that it is possible to obtain from crude neutral extracts 
of urines highly purified aldosterone free from other blue tetrazolium reducing 
substances, by the successive use of the following procedures: 

(1) Silica gel column 

(2) Zaffaroni’s propylene glycol/toluene system 

(3) Eberlein-Bongiovanni’s E,B system: isooctane/butanol—water 

(4) Bush B 5 system: benzene/55% aqueous meth< nol 
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(5) Determination by ultraviolet absorption and blue tetrazolium reaction. 
At lower concentrations, the latter procedure is more accurate for the 
determination of aldosterone 

(6) Identification by the absorption spectra in “100%’’ H;PO, and con- 
centrated H.SO,. 


Conclusions 


1. The isolation of aldosterone in a high degree of purity, from the urines of a 
patient with a severe Cushing’s syndrome and of two normal eight-month 
pregnant women, is described. 

2. The complexity of aldosterone fractions used for biological assays or for 
chemical or physical determinations is emphasized. From one such fraction, 
obtained following two paper chromatographic separations in Zaffaroni’s 
and then in Bush’s C system, four new compounds were isolated and 
described. 

3. These findings suggest a new purification procedure for the determination 
of urinary aldosterone in a high degree of purity. 

Aldosterone used as standard in the present work was isolated in this 
laboratory from a commercial aqueous adrenal cortex extract (Eschatin) by 
chloroform extraction followed by a successive chromatographic purification 
in Zaffaroni, Bush C, and Bush B 5 systems. The concentration of aldosterone 
determined by ultraviolet absorption and blue tetrazolium reaction was 7.3 
pgm./ml. 
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THE EFFECT OF ORAL AND 
INTRAVENOUS ADMINISTRATION OF VITAMINS K ON THE 
PROTHROMBIN AND PROCONVERTIN LEVELS OF 
CHOLECYSTNEPHROSTOMIZED DOGS! 


By L. M. FisHer, G. J. MILiar, AND L. B. JAQUES 


Abstract 


Six dogs were prepared with permanent biliary fistulae by cholecystnephros- 
tomy. Chronic bile lack in these animals led to the development of a bleeding 
tendency and to a significant drop in the levels of proconvertin and prothrombin. 
A comparison was made of the relative effectiveness of the K-vitamins adminis- 
tered orally and intravenously in restoring the plasma levels of prothrombin 
and proconvertin. Vitamin K; (2-methyl-1,4-naphthoquinone, menadione) and 
Synkavite (2-methyl-1,4-naphthohydroquinone diphosphoric ester tetrasodium 
salt) were found to be more effective and rapid in returning prothrombin and 
proconvertin values to normal than vitamin K (2-methyl-3-phytyl-1,4-naptho- 
quinone) when given orally on an equimolar basis. Intravenously vitamins K,, 
K; (2-methyl-3-difarnesyl-1,4-naphthoquinone), K;, and Synkavite had approxi- 
mately the same molar biological activity in the immediate correction of pro- 
thrombin and proconvertin levels but the effect was less prolonged in the case 
of vitamin K;, and was only transient with Synkavite. Observations were made 
of pathological changes in the livers of these animals. 


Introduction 


It has been known for a considerable time (21, 24, 7, 13) that parenteral 
or ‘intravenous administration of the K-vitamins is effective in correcting the 
coagulation deficiency in obstructive jaundice and this has led to the widely 
accepted view that defective absorption of the fat-soluble vitamins occurred 
in the absence of bile. Most investigators used vitamin K, preparations. In 
contrast to these observations Morse and Schmidt (14) found bile unnecessary 
for the absorption of two synthetic vitamin preparations, menadione and 
phthiocol, from the intestinal tract of biliary fistula rats maintained on a 
vitamin-K-free diet. Since the biological utilization of the K-vitamins can 
best be determined by their ability to restore a defect in the clotting system 
resulting from a vitamin deficiency, the use of a cholecystnephrostomized dog 
has provided an ideal subject for such a study (8, 18). This operation produces 
an animal with a permanent biliary fistula. Some months after operation a 
prolonged prothrombin time almost invariably develops which responds to 
vitamin K therapy. Quick and Collentine have compared the effectiveness 
of intravenous injections of menadione and vitamin K, on the response of the 
one-stage prothrombin time in cholecystnephrostomized dogs (16). They 
found that vitamin K; was much more effective than K; in restoring the 
prothrombin time values to normal. The present investigation was undertaken 
in an attempt to reconcile the variability noted between the responses due to 
oral and intravenous routes of administration of the K-vitamins and to 
investigate the nature of the defect in the clotting mechanism. 


‘Manuscript received April 9, 1956. al as 
Contribution from the Department of Physiology and Pharmacology, University of Saskat- 
chewan, Saskatoon, Sask. Supported by a grant from the National Research Counctl of Canada. 
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Experimental 


Cholecystnephrostomy.—Using the technique of Kapsinow, Engle, and 
Harvey (10) six adult dogs (five male and one female) weighing between 10 and 
20 kgm. were successfully cholecystnephrostomized. Immediately following 
the operation they were given 200 ml. of 5% Intradex solution intravenously 
and for one week they received milk and canned dog food. Following this 
period they were maintained on a ration of Quaker Brand fox cubes. Occasion- 
ally intramuscular injections of a fortified vitamin A-D preparation were 
given. 


Drawing of blood samples.—All glassware and needles were coated with 
silicone using General Electric Dri-film 9987 before the withdrawal of blood 
samples (9). Blood was drawn, from a leg vein, up to the 2.0 ml. mark by 
means of a 20 gauge needle into a 2 ml. syringe containing 0.2 ml. of 3.8% 
sodium citrate. The syringe was then inverted several times and the blood 
transferred to a 10X75 mm. test tube. The tubes were then centrifuged at 
4000 r.p.m. for 15 min. in an angle centrifuge. Upon occasion a graduated 
hematocrit tube was substituted for the test tube to provide hematocrit 


readings. Analyses were made as soon as possible after the collection of the 
blood samples. 


Thromboplastin solutions.—0.15 gm. of acetone-dried human brain thrombo- 
plastin prepared in this laboratory was mixed with 4.5 ml. of physiological 
saline and 0.05 ml. of 0.1 M sodium oxalate. This mixture was then incubated 
(with occasional stirring) for 15 min. at 45° to 50°C. Upon cooling, the 
mixture was centrifuged at low speed for one minute to sediment the parti- 
culate matter. The supernatant was decanted and placed in 10X75 mm. test 
tubes for immediate use. No noticeable change in potency was observed 
when the supernatant was stored in a deep freeze at — 20° C. for one day. 

Prothrombin determinations.—One-stage determinations (measuring over-all 
prothrombin activity) were performed using a modification of the method of 
Quick (15). The two-stage assay of Ware and Seegers (whereby prothrombin 
is completely converted to thrombin and then measured in terms of thrombin 
production) was followed (20). Fibrinogen, Lot 530225, that was 90% clottable 
was provided through the kindness of Dr. W. H. Seegers of Wayne University, 
Detroit. 

Preparation of Ac-globulin and proconvertin.—The method proposed by 
Biggs and Macfarlane for detecting deficiencies of Ac-globulin and pro- 
convertin was used (2). Ac-globulin was prepared by passing 100 ml. bovine 
plasma through a Seitz filter pad of 50% asbestos under vacuum (one to two 
drops per second). The first and last 10 ml. of the filtrate were discarded. 
When put in 10X75 mm. test tubes and kept in the deep freeze at —20° C., 
this reagent was stable for several months. Proconvertin was obtained by 
allowing normal human serum to stand for 24 hr. at room temperature. This 
procedure freed the serum from prothrombin and labile Ac-globulin. It was 
then stored in the deep freeze at —20°C. in 10X75 mm. test tubes until 
needed. 
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Proconvertin measurements.—These were carried out using Koller’s technique 
(11). In this method all clotting factors are provided in excess with the 
exception of proconvertin and a modified Quick assay is followed. Any 
deficiency of proconvertin was thus detected by a decrease in the over-all 
prothrombin time. We are indebted to Hoffmann-La Roche et cie., Basel, 
for a lyophilized preparation containing the above-mentioned clotting factors. 

Vitamin K preparations.—Vitamins K, and Ks; were obtained from Merck 
and Co. and vitamin Kz and Synkavite were supplied through the courtesy of 
Hoffmann-La Roche et cie. For injection purposes 0.2 gm. of the Ki, Ke, Ks, 
and Synkavite was dissolved in 100 ml. of 95% ethyl alcohol to provide a 
stock solution. This was further diluted with physiological saline immediately 
prior to injection giving a concentration of 20 ugm. per ml. For oral adminis- 
tration, a solution of 1 mgm. per ml. of vitamins K; and K; was prepared in 
95% ethyl alcohol. This was then sprayed onto the pharynx by means of a 
syringe. Oral Synkavite was given in 5-mgm. tablets. 

Dicumarol.—This drug was procured from Abbott Laboratories Ltd., 
Montreal, and administered orally by capsule at a dose level of 5 mgm./kgm. 
body weight. 


Results 


Eight dogs were cholecystnephrostomized, six successfully. Blood samples 
were taken at intervals following the operation for the determination of the 
coagulation factors. Approximately four months elapsed before there was any 
significant prolongation in the one-stage prothrombin time. On the other 
hand, the two-stage method of assay showed a fall in the prothrombin concen- 
tration approximately one and one-half months after operation. When the 
one-stage time was prolonged to more than two minutes spontaneous 
hemorrhage manifested itself on a number of occasions. This, in general, 
took the form of bleeding from the oral mucous membranes, the genitourinary 
or gastrointestinal tracts. Profuse bleeding from small lacerations occurred in 
several dogs. The administration of vitamins K either orally or intravenously 
halted the hemorrhage and caused the prothrombin times to return to normal 
in most instances. 

A blood sample taken when the prothrombin time was greatly prolonged 
very often had an associated low hematocrit value which also approached the 
normal range after vitamin K administration. Postoperatively the animals 
exhibited a transitory jaundice as indicated by the highly icteric plasma 
samples. In all cases but one, Dog 8, the condition cleared after a few weeks’ 
duration. The latter animal showed a continuous discoloration due to bile 
(positive direct van den Bergh reaction) for a period of two and one-half 
years. The urine of all animals after operation was a greenish-yellow compared 
with the normal deep yellow color. Stools at no time became clay-colored as 
is usual in humans suffering from lack of bile. The dogs, with one exception, 
Dog 9, maintained their body weight. Upon several occasions, evidence of 
malnutrition coincided with the onset of spontaneous hemorrhage. 
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Long-term studies were conducted on these animals. Prothrombin levels 
and unmodified one-stage assays were carried out on Dogs 5, 6, and 8 following 
oral administration of vitamins K; and K; in varying amounts. Comparisons 
of the relative effects (on prothrombin levels) of oral administration of vitamins 
K, and K; on an equimolar basis were made on Dogs 6 and 8. The effect of 
intravenous administration of vitamins K; and K; was studied and effects on 
the deficiency of Ac-globulin, proconvertin, and prothrombin noted. The 
relative effects of equimolar oral doses of vitamins K;, K;, and Synkavite and 
equimolar intravenous doses of vitamins K,, Ke, K3, and Synkavite were 
studied with relation to proconvertin levels on Dogs 6 and 8. 


Relative Activity of K-vitamins on Prothrombin Time of Cholecystnephrostomized 

Dogs 

As shown in Fig. 1, when the vitamin was administered to these dogs, there 
was a reduction in the (one-stage) prothrombin time. In Table I are reported 
the values obtained for this reduction with various doses of K-vitamins in 
terms of the maximum decrease in prothrombin time and the length of time 
the prothrombin time remained shortened (columns 3 and 4). The prothrombin 
times were plotted on semilog paper against time after administration of the 
K-vitamins. A horizontal line was drawn arbitrarily at 100 sec. since values 
for prothrombin times longer than this are unreliable and prone to gross 
fluctuations. The total vitamin K dose-response was evaluated by measuring 
with a planimeter the area bounded by this line and the curve for prothrombin 
times. The values are shown in column 5 of Table I. Comparison of these 
values for different doses of K takes into account the magnitude of the decrease 
in prothrombin time and the duration of the decrease together. 
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Effect of cholecystnephrostomy and oral vitamin K administration on the 


one-stage prothrombin time and unmodified two-stage prothrombin level in Dog 8. 
Operation performed May 29, 1953. 


November 15, 5 mgm. Ki; December 15, 10 mgm. 
Ki; and December 29, 3.8 mgm. K3. 
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Is TABLE I 
8 RELATIVE ACTIVITY OF K-VITAMINS ON PROTHROMBIN TIME OF 
1S CHOLECYSTNEPHROSTOMIZED DOGS 
is 
of Duration of Relative 
n Prothrombin time, sec. shortening of K activity 
prothrombin (area under 
le Dose, mgm. Initial Max. dec.* time curve) Dog No. 
fe Oral 
Vitamin Ky 
Lo 38.5 +6 -- 0 6 
od 2.0 26.1 +9 _— 0 5 
2.0 44.8 +4 — 0 8 
2.0 48.2 2 days 386 6 
re 3.0 43.0 18.0 2 days 0 6 
d 5.0 120 85 3 days 281 8 
, 10.0t 280 240 10 days 621 8 
in 10.0t 810 770 4 days 0 6 
50.0 390 382 15 days 2792 6 
1e 100 120 110 3 days 311 6 
in 100 480 470 2 days 666 8 
1€ Vitamin K; 
ag 3.8f 1200+ 1200+ 3 weeks 4889 6 
3.8t 280 272 3 weeks 5837 8 
SS 
Synkavite 
1g 5.0 220 14.0 14 days 2580 6 
in 10.0 180 172 14 days 4483 8 
se 
Intravenous 
se 
Vitamin K, 
0.125t 160 152 10 days 3005 8 
0.125t 32.0 24.0 7 days 2353 6 
Vitamin K; 
0.048t 38.0 31.0 8 days 2565 8 
1.0 45.0 37.0 20 days 3768 6 
1.0 120 112 7 days 3335 8 
Vitamin Ke 
0.150t 140 132 10 days 4088 8 
Synkavite 
0.137f 180 171 2 days 196 8 





*Maximum decrease from initial prothrombin time in column 2. 
tEquimolar doses. 
Note: Dog weights in kgm. No. 5—15, No. 6—14, and No. 8—13.5. 


For oral vitamin K, it was found that while doses of from 50 to 100 mgm. 
returned the prothrombin times to normal, with smaller doses the per cent 
recovery was proportional to the amount given. The total’ dose-response 
area gradually increased as the amount of administered vitamin increased up 
to the 50 mgm. dose. The duration of response was short-lived with 100 
mgm., hence the total dose-response was greatly reduced. Oral administration 
of Synkavite returned prothrombin times to normal. The dose-response area 
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shown by a 10 mgm. dose was almost twice that of a 5 mgm. dose. A 3.8 
mgm. oral dose of vitamin K; gave responses which were approximately equal 
to that of the equimolar 10 mgm. dose of Synkavite. 

When the vitamins were administered intravenously on an equimolar basis 
all preparations returned the prothrombin times to normal within 12 hr. The 
dose-response was greatest aiter vitamin Kz was given. Vitamin K, showed 
approximately the same activity as vitamin K;. Synkavite evoked the least 
response. Increasing the vitamin K; dose 20 times increased the response 
area under the curve by approximately one third. 

As shown in Fig. 1, after cholecystnephrostomy, two-stage assay values 
began to fall one to two months before any change was detected by means of 
the one-stage test. This finding was noted in all animals after operation. 
About four months after operation the one-stage time was prolonged to a value 
of two minutes and a dose of 5 mgm. of vitamin K, was given orally. The 
one-stage value was reduced to 30 sec. One month later when the one-stage 
value was more than four minutes a larger dose of K, of the order of 10 mgm. 
was given. ‘This again effected a reduction in the one-stage time but not to 
normal values. When 3.8 mgm. of K; was administered there was a prompt 
lowering of the one-stage time to normal for a period of two weeks before it 
returned to the previous high. Once the prothrombin times became prolonged 
following operation gross oscillations of the prothrombin values, spontaneous 
in nature, were observed in one animal. When the prothrombin levels as 
indicated by the two-stage assay were followed it was noted that vitamin K, 
at the 5 or 10 mgm. dose level did not affect the prothrombin values but the 
3.8 mgm. of K; returned the level to about 80% normal. 


TABLE II 


RELATIVE ACTIVITY OF K-VITAMINS ON THE TWO-STAGE PROTHROMBIN LEVELS 











Initial Final Duration 
Dose, mgm. level, % level, % of change Dog No. 

Oral vitamin K; 

1.5 and 10 < 10 < 10 No change 6 

2.0 and 50 < 10 < 10 No change 8 

100 < 10 50 2 days 6 

100 < 10 72 4 days 8 
Oral vitamin K; 

3.8 < 10 80 15 days 6 

3.8 < 10 75 14 days 8 

3.8 < 10 80 20 days 8 
Intravenous K; 

0.125 < 10 50 6 days 6 

0.125 < 10 70 9 days 8 
Intravenous K; 

1.0 < 10 100 3 weeks 6 

1.0 < 10 80 3 weeks 8 

2.0 < 10 72 2 weeks 9 
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When a single oral dose of 100 mgm. of vitamin K,; was given to a cholecyst- 
nephrostomized dog 18 hr. elapsed before the one-stage value approached 
normal. The two-stage levels in the same time reached a peak of 50 to 75% 
normal and then gradually fell to the pretreatment levels four days later. 
The more sensitive nature of the two-stage test was further borne out when the 
response to vitamin K administration was followed. Table II shows the 
relative activity of the K-vitamins on the two-stage prothrombin level. 
Although complete normalization of the one-stage prothrombin time was 
achieved with oral doses of the order of 50-100 mgm. of K; and 3.8 mgm. of 
K;, the two-stage values never reached a level of more than 80% normal. 
The response obtained by intravenous doses of vitamin K,; reached a level of 
50-70%. Almost complete restoration to normal levels was brought about 
by intravenous administration of 1 mgm. of Ks. 


Nature of Coagulation Defect in Cholecystnephrostomized Dogs 

Since it is generally accepted that the defect in dicumarolized plasma is due 
to a reduction of one of the accessory coagulation factors, it was decided that 
an analysis of the accessory factors be performed on the plasma from bile- 
deficient animals. The addition of normal human serum presumed to contain 
proconvertin to the plasma from an animal deficient in bile and with a 
prolonged one-stage prothrombin time reduced the time significantly and in 
many instances reduced it to normal. The addition of beef plasma subjected 
to Seitz filtration, which presumably contains accelerator globulin (Ac- 
globulin), had only slightly depressing effects on the prolonged one-stage 
prothrombin times. Modification of the two-stage prothrombin method by 
the addition of adequate amounts of Ac-globulin and proconvertin did not 
totally correct the clotting defect when the corresponding one-stage prothrom- 
bin time was extremely long. This would seem to indicate a concomitant 
deficiency of prothrombin. . 

An experiment was performed to determine whether or not the serum from 
dicumarolized dogs would have any effect on the prolonged prothrombin time 
of the bile-deficient dogs. A normal dog was given dicumarol (5.0 mgm./kgm. 
body weight) orally in capsule. The proconvertin values were followed and 
in 24 hr. the one-stage time was beginning to rise. By the end of 72 hr. 
proconvertin values were less than 10% normal and the one-stage prothrombin 
time was more than 300 sec. Serum was collected from a sample of blood 
drawn at this time and, after it had been left at room temperature for 24 hr. 
to dispose of Ac-globulin and prothrombin, was added to the plasma of a 
cholecystnephrostomized dog which had a one-stage time of more than five 
minutes and proconvertin and prothrombin values of less than’10%. There 
was a reduction in the’one-stage time to one minute but not complete normali- 
zation and no detectable changes in the proconvertin and prothrombin levels. 
This would seem to indicate the presence of some substance in the 
dicumarolized serum that was able to reduce the prolonged one-stage time. 
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Dam and S¢ndergaard (4) likewise have reported that the addition of 
dicumarolized plasma to that of vitamin-K-deficient chicks resulted in a 
significant lowering of the prothrombin time. 


Relative Activity of K-vitamins on Proconvertin Levels 


The close association between the one-stage assay values and the procon- 
vertin assay levels following vitamin K, administration is shown in Fig. 2. 
When the one-stage values reached the normal range the levels of proconvertin 
also approached normal. The values obtained by these two procedures 
appear to bear an inverse relationship to one another. 

In view of these experiments it may be assumed that the clotting defect of 
greatest significance in the bile-drained animal is that of a depressed amount 
or rate of formation of proconvertin. Consequently specific measurements of 
this factor have been made. An assessment was also made of the efficacy of 
the vitamins in restoring proconvertin values to normal. This is illustrated 
in Figs. 3 and 4. The levels of proconvertin after the oral administration of 
vitamins K,, Ks, and Synkavite on an equimolar basis (Fig. 3) revealed that, 
as was the case with the one-stage assay, vitamin K; was more rapid in action 
than vitamin K, and caused the proconvertin levels to reach a value of 75% 
normal in 48 hr. as compared with a 40% maximum for vitamin K;. By the 
end of 10 days the effect of vitamin K,; had worn off but with vitamin K; the 
level of proconvertin was still at 40% at the end of 15 days. Water-soluble 
Synkavite, however, returned proconvertin values to normal in 48 hr. and 
these values were at the 75% levels 15 days later. 

The effects of intravenous administration of equimolar quantities of 
vitamins K;, Ke, K3, and Synkavite on the proconvertin levels are represented 
graphically in Fig. 4. All vitamin preparations restored the proconvertin 
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Prothrombin Time (secs.) 








days 


Fic. 2. Relationship between proconvertin levels and the one-stage prothr mbin 
time in cholecystnephrostomized Dog 6 following vitamin K; administration. 3.8 mgm. 
vitamin K; was given orally at 0 hours. Blood samples were taken and analyzed at 6, 
12, 24, 48, 96 hr. and at 15 days thereafter. Values for per cent normal proconvert n 
@———@ and for prothrombin time X— — — x. 
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Fic. 3. Relative effects of equimolar oral doses of vitamin K preparations on the 
proconvertin levels of cholecystnephrostomized Dog 8. Values in per cent normal 
proconvertin. X—— —X 10 mgm. Ki; @—————-@ 3.8 mgm. K;; and O:::----- Oo 
10 mgm. Synkavite. 
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Fic. 4. Relative effects of equimolar intravenous doses of vitamin K preparations on 
the proconvertin levels in cholecystnephrostomized Dog 8. Values in per cent normal 
proconvertin. 0.160 wgm. Ke; X———X 0.125 pgm. Ki; O--:-:- O 
0.0475 gm. K;; and A—-—-— A 0.137 pgm. Synkavite. 





levels to normal within 24 hr. when given on an equimolar basis and without 
doubt the intravenous route is more effective in restoring values to normal. 
Although vitamin K; and Synkavite rectified the decreased proconvertin 
levels more rapidly than did K, or Ke, their effects were not-as prolonged. 
Indeed the response -to Synkavite was transient. Vitamin Ke, which is 
normally synthesized in the intestinal tract by bacteria, supplemented with 
vitamin K, of ingested food is assumed to fulfill the requirement in the 
normal individual. 
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Pathological Changes in Cholecystnephrostomized Dogs 


Pathological examination of tissue specimens from Dog 5, which died from 
no apparent cause, showed that there were no observable changes in the 
intestinal mucosa but that there was considerable invelvement of the liver. 
Involvement of the liver was common in five dogs that were presented for 
autopsy. Fatty degeneration radiating from the central vein area was 
prevalent. Biliary stasis was present in all but one of the animals. The 
liver of Dog 8 showed a microscopic picture not unlike that seen in human 
biliary cirrhosis where there is a marked increase in fibrous tissue in the portal 
canal area. The gall bladder was moderately fibrosed and in several cases 
showed meager chronic inflammation. The right kidney, which was united 
to the gall bladder, exhibited a moderate chronic pyelonephritis at the site of 
anastomosis and in one animal, Dog 6, a cholemic nephrosis was superimposed. 
All animals were carefully checked at autopsy to ensure that accessory bile 
ducts were not present and that the fistula was still patent. 


Discussion 


The question naturally arises as to why it takes several months for an 
increase in prothrombin time to appear after the production of the biliary 
fistula. It may be due to the length of time required to exhaust the body’s 
stores of vitamin K. Taylor (19) has recently shown using radioactive 
labelled vitamin in rats that 50% of a single dose of K; or K; is retained by the 
body for a period of approximately two weeks and at that time is being excreted 
at a very low rate. An alternative possibility is mucosal changes in the 
intestine over this period of time due to the absence of bile and thus increased 
interference with the absorption of the vitamin. In accordance with this 
view were the findings in one animal in which, as the prothrombin time 
became progressively longer, there was some indication that the effect of a 
test dose of vitamin K became progressively less. This observation has not 
been confirmed and in a number of animals two years postoperatively the same 
dose level elicited the same response as previously. 

Some dogs showed responses to the operation and vitamin K that cannot 
be explained. Dog 5 developed a prolonged prothrombin time which responded 
to 2 mgm. of vitamin K, five months after operation. Three weeks later 
this dog was found with a hemorrhage from a small cut on the ear. This 
animal did not respond to vitamin K administration in the usual manner 
on this occasion. With a one-stage prothrombin time of 59.0 sec. the animal 
was given 3 mgm. vitamin K, intramuscularly, and since the bleeding failed 
to stop within five hours, 5 mgm. of K3; was administered orally. The 
hemorrhage still continued and nine hours after the first injection of Ki 
another oral dose of approximately 25 mgm. K,; was given. The bleeding 
stopped two hours later. The prothrombin time returned to normal and 
remained at this level until death one and a half years later. Another animal 
existed for a considerable period of time with only two single small doses of 
vitamin K; administered 14 and 21 months after operation. When spontaneous 
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hemorrhage developed in this dog 23 months after operation, approximately 
4 mgm. of radioactive vitamin K; stopped the hemorrhage. However another 
bleeding episode occurred three weeks later. The latter episode caused the 
death of the animal. 


In contrast to the conclusions of Quick that the cholecystnephrostomized 
dog has an uncomplicated hypoprothrombinemia, the work reported above 
shows an associated deficiency of the accessory factor, proconvertin. Further, 
qualitative comparisons of the vitamins K in restoring this coagulation defect 
demonstrate similar activity, but quantitative differences exist in the action 
of the individual vitamins. The results support Bigg’s statement regarding 
the weakness of the one-stage assay in detecting deficiencies of any single 
clotting factor (1). The decrease in proconvertin that is seen in dicumarol 
anticoagulant therapy (11), in the newborn (3, 12), and in liver disease (22) 
is also present in the bile-deficient dog. Fig. 1 shows the relative independence 
of the one-stage assay value of the prothrombin level measured by the two- 
stage method. In the cholecystnephrostomized dog the one-stage prothrom- 
bin time test is a very insensitive indicator of prothrombin levels. It is 
prolonged only slightly by a depression of prothrombin down to 10% of 
normal and it is shortened to normal values only by an increase of prothrom- 
bin level to about 50 to 75% of normal. 


The report of Quick ef al. (17) that they were unable to find a significant 
depression in the prothrombin time when plasma from a cholecystnephros- 
tomized dog was mixed with plasma from dicumarol-treated dogs was not 
verified. In their experiments only slight depressions of a few seconds were 
recorded, which as Dam (5) has pointed out may have been due to the use of 
plasma which had only a slight prolongation in prothrombin time, or the 
conditions of dicumarol treatment were not similar to those used in this 
experiment. 


All animals showed spontaneous hemorrhage from time to time. This was 
from no specific point. Gum hemorrhages and profuse bleeding from small 
lacerations were observed. One dog on post-mortem examination showed a 
massive subcutaneous hemorrhage in the shoulder region but no obvious focus 
of bleeding could be found. It has been intimated that it is not necessarily a 
low proconvertin level which brings about the hemorrhage in dicumarol 
therapy but an associated low prothrombin value (6). The point at which 
an animal is likely to show obvious hemorrhage, i.e. when the two-stage assay 
levels are very low, often corresponded with a decreased hematocrit value 
(30% cells). Such hematocrit readings were obtained on a number of 
occasions when the prothrombin and proconvertin levels were low without 
any hemorrhage being observed. On the administration of vitamin K the 
hematocrit value rose to normal over a period of two weeks in addition to the 
immediate effect on prothrombin and proconvertin. Spontaneous hemorrhage 
of a microscopic nature from minute vessel walls has been reported by Wright 
(23) in animals receiving dicumarol and this could explain the low hematocrit 
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values observed by us. The pathological changes reported above in the liver 
of all animals is at least a contributing factor in the coagulation changes, since 
the latter commonly accompanies changes of this order in the liver. 


Conclusions 


The coagulation defect of greatest significance in the bile-drained animal 
appeared to be a lack of proconvertin. The two-stage assay was a more 
sensitive gauge of prothrombin activity than was the one-stage technique. 
Qualitatively, when given orally the three vitamin preparations had the same 
action, but on a quantitative basis vitamin K; and Synkavite were found to 
be more effective and rapid in action rectifying the one-stage prothrombin 
time as well as the decreased proconvertin levels. It is suggested that the 
more effective response elicited by vitamin K; and Synkavite may be the 
result of their more complete or rapid absorption from the intestinal tract in 
the absence of bile and that absorption of vitamin K,; without bile does take 
place when large doses are administered. When given intravenously, vitamin 
K; and Synkavite were more effective than K, and K, initially, but vitamins 
K, and Ke appeared to have the same degree of biological activity as K; and 
Synkavite on the basis of returning the proconvertin levels to normal. How- 
ever, the duration of therapeutic effect of K; and Ke was more prolonged than 
that of K; and Synkavite. Plasma from a dicumarolized dog with a prolonged 
prothrombin time corrected in part the prolonged prothrombin time of plasma 
from a cholecystnephrostomized dog. Pathological examination of autopsy 
specimens revealed that the involvement of the liver found in these animals 
could conceivably interfere with the production of adequate amounts of the 
coagulation proteins. 
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FACTORS AFFECTING THE POTASSIUM CONTENT OF 
INCUBATED BRAIN SLICES! 


By Hanna M. Papprus AND K. A. C. ELLIoTtT 


Abstract 


When rat cerebral cortex slices are incubated in glucose-saline medium in the 
presence of oxygen, the slices lose half of their potassium almost immediately 
and then reconcentrate it to some extent. Uptake of potassium proceeds further 
if glutamate is added to the medium but, since the apparent intracellular space 
is also increased by glutamate, the intracellular potassium concentration is not 
increased by glutamate. The difference between the potassium concentrations 
in the incubated slice and in the medium reaches a maximum when the medium 
contains about 5 mM potassium. In the absence of oxygen, under ordinary 
conditions, slices lose potassium rapidly but the final concentration reached 
remains higher than that of the medium and this difference is marked if the 
concentration in the medium is high. The greatly depleted potassium content 
of slices which have been incubated anaerobically can be largely restored by 
subsequent aerobic incubation. The rate and extent of this restoration decreases 
with the length of time during which the slices have been deprived of oxygen. 
If the medium contains pyruvate or if the slices have been subjected to a previous 
period of aerobiosis, anaerobic glycolysis is stimulated and concomitantly the 
potassium concentration in the slices increases. The effects of pyruvate and 
previous aerobiosis are additive. The sum of sodium and potassium in slices 
incubated under various conditions does not vary greatly but the sum is 
significantly increased in the presence of glutamate, in phosphate instead of 
bicarbonate-buffered medium, and, especially, in medium containing a high 
potassium concentration. The fluid taken up in swelling has approximately 
the same total cation content as that of the medium. 


Introduction 


Terner, Eggleston, and Krebs (21) found that ox retina and guinea-pig or 
rabbit cerebral cortex slices, when suspended under anaerobic conditions in a 
balanced saline medium at 38° C., lost potassium to the medium and gained 
sodium. Under aerobic conditions, when glucose was provided as substrate 
and particularly when glutamate was also present in the medium, the loss of 
potassium by brain was much decreased. With retina, which had lost some 
potassium during transport and manipulations, the potassium content would 
actually increase during aerobic incubation. Krebs, Eggleston, and Terner 
(13) also studied the turnover rate of potassium in brain and retina by the 
isotope method. 


In the present study the results of Terner et a/. with brain have been largely 
confirmed. It has been shown that brain also, if its potassium content has 
been depleted, can reconcentrate potassium from the medium aerobically. 
Under certain circumstances a moderately high potassium content can be 
maintained under anaerobic conditions. The time course of net changes in 
potassium content has been followed and the concentrations of potassium and 
sodium in brain slices during incubation under various conditions have been 


1Manuscript received in original form November 9, 1955, and as revised, May 11, 1956. 
Contribution from the Donner Laboratory of Experimental Neurochemistry, Montreal Neuro- 
logical Institute, and the Department of Neurology and Neurosurgery, McGill University, Montreal, 
) naar Part of this work was reported in a Symposium on Electrolyte Metabolism of the Canadian 
hysiological Society (9). 
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more closely observed. These experiments were made in conjunction with the 
work on water distribution in incubated slices which are described in the 
preceding paper (17). 


Methods 
General Procedure 


Slices of rat cerebral cortex were prepared and weighed, incubated in saline 
medium, drained, and reweighed as in the preceding paper (17). 


Determinations of Potassium and Sodium 

The Beckman DU Spectrophotometer with the No. 9200 flame attachment 
and oxyacetylene flame was used. The emission of potassium at 768 my was 
strongly increased, up to more than 100%, by the presence of sodium. The 
effect increased with sodium concentration, especially at low sodium concen- 
trations, and was found to depend upon the ratio of sodium to potassium 
rather than upon the absolute concentration of sodium. In order to avoid 
the effects of variations in the sodium content of solutions in which potassium 
was to be determined, sodium chloride was added to all unknown and standard 
solutions to give a final concentration of 0.2 M. In the presence of this high 
added sodium concentration the effect of the sodium in the tissue samples was 
negligible. The determination of sodium was not affected by the presence of 
potassium in the concentrations found in the solutions to be analyzed. 

The slices were digested with 0.4 ml. of concentrated nitric acid in a silica 
test tube on a sand bath until the solution became clear; a globule of fat 
remained. The digest was made up to 10 ml. with water and filtered through 
Whatman No. 40 paper. Toa4ml. aliquot of the filtrate, 1 ml. of M sodium 
chloride solution was added and the mixture was assayed for potassium. 
When sodium was to be determined, the remainder of the filtrate was assayed 
for sodium. The water used was taken from a metal triple still and was kept 
in a Pyrex bottle for less than a day. Solutions awaiting assay, and all 
standard solutions, were kept in polyethylene bottles. The determinations 
were corrected for the sodium found in a blank which was prepared with nitric 
acid, distilled water, and filter paper from the same batches as were used for 
making up the unknowns. The standard solutions contained concentrations 
of sodium or potassium which closely bracketed those of the unknowns and 
approximately the same concentrations of nitric acid as the unknowns. 
Nitric acid slightly affected the emission by potassium although this effect 
did not vary appreciably with changes in nitric acid concentration. The error 
of determinations of potassium or sodium in solutions was less than 3%. 

Previously (16) it had been found that simple homogenization in a large 
volume of water extracted potassium and sodium from fresh brain as well as 
did nitric acid digestion. Accordingly a large number of potassium deter- 
minations were done by homogenizing slices in 3 ml. of water, adding 1 ml. of 
24% trichloracetic acid, centrifuging and assaying the supernatant after 
addition of sodium chloride. It was then found that with incubated slices 
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this method gave results varying around 20% lower than the nitric acid 
digestion procedure. Only results obtained with the digestion procedure are 
recorded here but the results obtained with the simpler procedure agreed 
qualitatively with those reported. 


Calculation and Presentation of Results 


Terner et al. (21) applied a correction to their figures for the electrolyte 
content of incubated tissue on the assumption that the large increase in weight 
which occurs during incubation is due to medium which has been absorbed by 
the tissue but is not truly part of the tissue. This assumption has been 
examined in the preceding paper (17) and found to be probably justified with 
respect to the increase in weight, averaging 40% in 60 min., which occurs 
when brain slices are incubated aerobically in the ‘‘usual’’ saline medium, 
which contains glucose, only 3.5 mM potassium, and no glutamate. The 
correction of Terner et al. has, therefore, been applied to results obtained 
under these conditions. It was found, however, that while this uptake of 
“extraneous” fluid occurs to an approximately constant extent under all 
conditions, additional swelling occurs under anaerobic conditions or when the 
medium contains glutamate or a high concentration of potassium. This 
additional increase in weight is apparently due to an increase in the intra- 
cellular space. Water which enters cells cannot be considered extraneous to 
the tissue and it is not likely to be accompanied by electrolytes in the same 
concentration as in the medium. Results obtained under these conditions 
have been corrected only for the 40% swelling which occurs during 60 min. 
under aerobic conditions in the “‘usual’’ medium. The effect of increases in 
intracellular space on the concentrations of the tissue electrolytes are discussed 
later. 

In the appendix the method of calculation is illustrated (Table IV) and 
averages of actual data obtained are listed (Table V) in case readers may wish 
to apply other methods of calculation. 

The results presented in the figures and tables are averages of all results 
for each type of experiment. Results of sets of individual experiments were 
always in agreement with the comparison of averages. In all the figures and 
in Tables I and II the corrected potassium contents of slices are given in meq. 
per kgm. of the fresh unincubated slices. In Table III results are expressed 
in terms of tissue water. 


Results 


Time Course and the Effect of Glutamate 

Fig. 1 summarizes results of experiments on the time course of changes in 
potassium content during incubation. 

Under aerobic conditions, with glucose as the only substrate in the medium, 
there is, as found by Krebs et al. (13), a rapid initial loss of potassium. It is 
probable that this loss is partly irreversible loss from cells damaged in slicing 
and partly leaching out of potassium which has leaked from more or less intact 
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Fic. 1. Changes in the potassium content of cerebral cortex slices during aerobic and 
anaerobic incubation. Each point is the average result of three or four experiments and 
the vertical brackets indicate the extreme range of results. 


cells during the conditions of hypoxia and mechanical stimulation which 
prevail during preparation and manipulation of slices. After the initial loss, 
the concentration within the tissue rises and after an hour it remains nearly 
constant. With glutamate as well as glucose present in the medium, the 
potassium content of the slice increases further after the initial fall. The 
effect of glutamate is thus to increase the gain of potassium rather than merely 
to prevent its loss. 

The average potassium content after an hour’s incubation in bicarbonate- 
buffered medium without added glutamate was 53 mM. per kgm. of fresh 
tissue (+ 6 S.D., 14 determinations) and, with glutamate, 63 mM. (+ 8 S.D., 
18 determinations).? The increase due to glutamate was smaller in phosphate- 
buffered medium; the figures were 52 mM. (+ 5, 13 determinations) without 

2The tables of Terner et al. (21) and Krebs et al. (13) show figures for one rabbit brain which are 
in fair agreement with those obtained by us for rat brain, but with guinea-pig brain the potassium 


content after an hour's incubation with glucose and glutamate was usually higher than we have 
obtained. 
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Fic. 2. Potassium uptake during aerobic incubation (glutamate present) by slices in 
which the potassium content has been depleted by previous incubation in the absence of 
oxygen. Each curve is the average of three closely agreeing experiments. 


glutamate and 57 mM. (+ 1, 14 determinations) with glutamate. In the 
preceding paper (Fig. 5) it was shown that, in unsupplemented glucose-saline 
bicarbonate-buffered medium, the apparent intracellular space is about 36 
liters per 100 mgm. of fresh tissue but, when the medium contains glutamate, 
this space increases to about 48 uyliters. If the potassium in the slice is 
virtually all in the intracellular space, its concentration in this space after 
60 min. incubation in bicarbonate-buffered medium would average 147 mM 
in the absence of glutamate and 131 mM ‘in the presence of glutamate. The 
presence of glutamate thus did not cause an increase in the intracellular 
potassium concentration. The results obtained in phosphate-buffered 
medium indicate a considerable dilution of intracellular potassium by the 
presence of glutamate. 

Under ordinary anaerobic conditions the potassium in brain cortex is nearly 
all lost rapidly (see, however, below). A number of experiments showed that 
the presence of glutamate in the medium does not affect the loss of potassium 
under anaerobic conditions. 


Reconcentration After Anaerobiosis 

If oxygen is supplied after slices have lost most of their potassium, as a 
result of a period of anaerobiosis, potassium is reconcentrated in the tissue. 
Fig. 2 shows that the rate and extent of aerobic reconcentration of potassium 











1058 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


in slices which have been subjected to a period of ordinary anaerobiosis 
depends upon the length of the period of anaerobiosis. After 15 and 30 min. 
of anaerobiosis the initial rates of reconcentration are about 2.2 and 1.1 meq. 
per kgm. per minute respectively. Following the longer period of anaerobiosis 
the final level reached in the presence of oxygen is not as high as following the 
shorter period. Anoxia thus not only allows loss of potassium but damages 
the mechanisms concerned in potassium accumulation. The oxygen uptake 
rate, measured in phosphate-buffered medium but under otherwise similar 
conditions, was decreased by about 25% following a 30 min. period of 
anaerobiosis. 


mM PER KILO FRESH WT 





POTASSIUM IN SLICE 








50 100 150 
POTASSIUM IN MEDIUM AFTER INCUBATION MM 


Fic. 3. Effect of the potassium concentration in the medium on the potassium content 
of incubated slices. Aerobic, 60 min. in the presence of oxygen. Anaerobic, 60 min. in 
the absence of oxygen. Anaerobic then aerobic, 30 min. in the absence of oxygen, then 
60 min. in the presence of oxygen. Glutamate 5 mM, present during aerobic incubations. 
Each point represents the average from three to five experiments. The potassium con- 
centrations given for the medium are the initial concentrations plus the small increases 
due to potassium lost from the slices to the medium. 
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Effect of the Potassium Concentration in the Medium 


Fig. 3 shows the effects of variation of the concentration of potassium in the 
medium. The sum of potassium and sodium concentrations in the medium 
was kept constant. The true tissue water content of the incubated slices, 
per 100 mgm. of fresh tissue, may be taken as around 95 mgm. This is the 
water content of unincubated slices, 80 mgm., plus the increase in intracellular 
fluid, 12 to 18 mgm., which, in the presence of glutamate, is fairly constant 
with changing potassium concentrations (see Fig. 5 of the preceding paper 
(1/7) ).. The broken line in the figure indicates the potassium content of this 
volume of medium. 

The potassium found in the slices after incubation under aerobic conditions 
increases with increasing potassium concentration in the medium. The 
excess of potassium in the water of the slice over that in the medium, however, 
reaches a maximum when the concentration in the medium is 5 to 10 mM. 
Similar results are obtained after aerobic incubation of slices which have 
previously lost most of their potassium during a period of anaerobiosis. 

Under anaerobic conditions the potassium content of the slice increases 
with increase in the concentration in the medium to a greater extent than can 
be accounted for by simple equilibration of the tissue fluids with the medium. 
This is apparent even if no correction for extraneous absorbed fluid is applied. 
For instance, when the medium contained 140 meg. per liter of potassium, the 
average slice contained 151 meq. per kgm. of swollen tissue or 170 meq. per 
liter of total water in the swollen slice. 


Stimulated Glycolysis 


It is well known (3, 10, 11, 15) that anaerobic glycolysis is stimulated by the 
presence of pyruvate in the medium or by a period of previous aerobiosis 
(18, 19). Rosenthal (19) showed that these two effects are additive with liver 


TABLE I 


EFFECTS OF PYRUVATE AND PREVIOUS AEROBIOSIS ON THE RATE OF ANAEROBIC GLYCOLYSIS 
AND THE POTASSIUM CONTENT OF CEREBRAL CORTEX SLICES 











Pyruvate 
Previous and previous 
Plain Pyruvate aerobiosis aerobiosis 
Glucose present 
Glycolysis rate 25 69 70 111 
K content 16 26 23 32 
No glucose 
Glycolysis rate 0 (17) — (21) 
K content 11 10 — il 





Note: Figures are average results of four to six agreeing determinations with glucose and two 
without glucose. The CO: evolved in the absence of glucose 1s mostly due to pyruvate dismutation. 

Glycolysis rate, in umoles COs, evolved per gm. fresh tissue per hour, measured over the final 
10 min. of 60 min. incubation. K contentin mM. per kgm. fresh wt. of tissue. Medium contained 
3.5.mM K (initially). Pyruvate5 mM. Previous aerobiosis 25 min. 
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TABLE II 


EFFECTS OF POTASSIUM CONCENTRATION IN THE MEDIUM UPON ANAEROBIC GLYCOLYSIS AND 
POTASSIUM CONTENT OF “STIMULATED” AND UNSTIMULATED SLICES 








Final potassium in medium, mM* 
6.0 8.0 17 41 
Glycol K Glycol K Glycol K Glycol K 











No addition 32 16 28 19 21 30 11 64 
Pyruvate and previous aerobiosis 92 35 89 38 71 49 43 65 





Note: Average results of five sets of determinations. 


Glycol: Rate of glycolysis in moles CO2 per gm. fresh wt. per hr. during final 10 min. of 
60 min. incubation. 


Potassium content in mM. per kgm. fresh wt. of tissue. 
*Including potassium gained from slices. 


slices. Similar results are obtained with brain slices.* In Table I it is shown 
that the concentration of potassium found in brain slices after anaerobic 
incubation increases markedly with the increases in glycolytic activity 
produced by pyruvate, previous aerobiosis, or both stimuli together. When 
glycolysis is prevented by the absence of glucose, this effect does not occur. 
Similar results were obtained with 2, 5, or 20 mM pyruvate. 


In Table II it is shown that under anaerobic conditions, when glycolysis is 
stimulated by previous aerobiosis and the presence of added pyruvate, increas- 
ing the concentration of potassium in the medium further increases the 
potassium content of the slice but reduces the rate of glycolysis. Though the 
well-known inhibitory® effect (1, 6, 7) of high potassium in the external fluid 
is apparent, it is evident that, under stimulatory conditions, fairly high rates 
of glycolysis can occur when the tissue content of potassium is high. It seems 
probable that intracellular potassium does not inhibit anaerobic glycolysis. 


The Sum of Potassium and Sodium Concentrations 


In Table III results are presented of experiments in which both sodium and 
potassium were determined. The concentrations have been calculated (a) to 
show the actual concentrations of electrolyte found in the total water of the 
swollen slices and (b) to show the concentrations in the ‘‘true” tissue water on 


3Under circumstances to be discussed elsewhere, the effects of pyruvate and previous aerobiosis 
are more than additive (Cross (4)). 

‘Dixon (8) reported that the presence of glucose would prevent the escape of potassium into the 
medium from rabbit brain slices under anaerobic conditions. This was the first observation of 
metabolic control of tissue potassium in vitro (other than tn red cells (5, 12)) but the observation was 
not confirmed by Terner et al. (21) with guinea-pig tissue nor by ourselves with rat tissue. It ts 
probable that the potassium content of Dixon's slices, which was not measured, was already reduced 
haat incubation and that glycolysis did prevent further loss. Possibly some ‘previous aerobiosis 
effect” occurred in Dixon's experiments. 

5Under aerobic conditions, high potassium in the medium temporarily accelerates glycolysis and 
respiration (1, 6,7). Extracellular potassium can apparently exert quite different actions under 
aerobic and anaerobic conditions. 
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the assumption that swelling up to 40% is due to uptake of medium as 
“extraneous” fluid while the remainder of the swelling is due to increase in 
“true” tissue water, presumably intracellular (17). 

Changes in potassium concentration in the tissue were accompanied by 
reciprocal changes in sodium concentration. No very great changes in total 
univalent cation concentration occurred. There was, however, a decrease on 
incubation in ordinary bicarbonate-buffered medium from the total found in 
unincubated slices.* In incubated slices, the presence of glutamate increased 
the sum and when the medium contained 100 mM potassium the sum increased 
quite markedly. The sum was also increased when the medium contained 
phosphate instead of bicarbonate buffer. There was considerable variability 
but the Fischer ¢ test indicates that the differences mentioned were significant. 


The total potassium plus sodium concentration in the water of unincubated 
slices is about 192 meq. per liter. A 40% increase in weight of a 100 mgm. 
(fresh weight) slice on incubation involves an increase in water content from 
the original 80 mgm. to 121 mgm. (allowing for 1 mgm. loss of dry matter). 
If this increase were due to uptake of water containing no salts, the concentra- 
tion of potassium plus sodium in the total water of the swollen slice would 
fall to 127 meq. per liter. A swelling of 59% (the highest in Table III) would 
result in a final concentration of 110 meq. per liter. On the other hand if the 
fluid of swelling contained the same concentrations of potassium and sodium 
as that of the medium (the sum of which is 150 meq. per liter) the final 
concentration would be 178 or 174 meq. per liter for 40% or 59% swelling 
respectively. These latter figures are close to those found in incubated tissue, 
excluding the result obtained in high potassium medium, and it seems clear 
that the total fluid of swelling has approximately the same total cation content 
as that of the medium. 


Discussion 


The observations described above show that brain tissue can retain or 
reconcentrate potassium under aerobic conditions and, to some extent, under 
anaerobic conditions if glycolysis is stimulated. Jn vivo, glycolysis which sets 
in as a result of temporary anoxemia is presumably subject to the stimuli of 
previous aerobiosis and the presence of traces of pyruvate. The potassium 
concentrating (or sodium expelling) mechanism is therefore probably kept 
active for some time after the onset of anoxemia. Prolonged anoxemia 
in vitro, and probably in vivo, results in impairment of concentrating ability. 

In Fig. 3 it is shown that under anaerobic conditions the tissue fluids contain 
more potassium than would be expected from simple equilibrium with the 
medium. This discrepancy becomes very obvious when the concentration of 
potassium in the medium is high. This excess of potassium in the tissue can 
scarcely be due to a process connected with metabolism since glycolysis would 
be inhibited by the high potassium content of the medium. It seems that 


*Leaf (14) found an increase with slices kept at 0° in a medium containing only potassium and 
sodium chlorides. 
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some potassium may be taken up passively into a bound form. The increase 
in the sum of potassium and sodium concentrations under aerobic conditions 
in a high potassium medium (Table III) suggests that bound potassium exists 
also under aerobic conditions. It seems likely that a fraction of the total 
potassium in the tissue is in the bound form even when the concentration in 
the medium is at the normal serum level. Further evidence for such a form 
of potassium was obtained with slices which had been incubated aerobically 
in medium, containing 3.5 mM potassium, which had been rendered hypertonic 
by the addition of 10% sucrose. It was shown in the preceding paper (17) 
that the apparent intracellular space as judged by thiocyanate and sucrose 
distribution is reduced in this medium to about one third of its normal volume. 
The potassium content of the tissue, however, was found to be only slightly 
or not at all diminished. In nine comparisons without glutamate in the 
medium the average potassium content of the slice, uncorrected for potassium 
in the fluid of swelling, was 50 meq. per kgm. of fresh tissue in normal medium 
and 43 meq. in medium containing 10% sucrose. In five comparisons with 
glutamate present, the respective figures were 62 and 62. If the potassium 
remains in the apparently shrunken intracellular space its concentration must 
be very high. If the shrinkage of the intracellular space were only apparent 
because the cells became more permeable to thiocyanate or sucrose, it would 
be expected that such a change would be accompanied by a change in ability 
to hold potassium and potassium would be lost from the tissue. We can only 
suggest that the intracellular potassium does become highly concentrated but 
is to a large extent held in a bound form. 


These indications of the ability of brain tissue to hold potassium in a bound 
form are in accord with work of Stone and Shapiro (20) and Bergen, Stone, 
and Hoagland (2), who found, by ultrafiltration experiments on brain and 
muscle suspensions, that 25 to 30% of the potassium in these tissues was in 
a non-filterable form. ; 

In a study of the changes in sodium, potassium, and chloride in tissues kept 
in saline medium at 0°, published after the present work had been completed, 
Leaf (14) has shown that the water taken up in swelling is accompanied by 
electrolytes and is not hypotonic. He concludes that the swelling cannot be 
explained by assuming that the tissue fluids are hypertonic and absorb water 
in vitro by simple osmotic action. Our results are in accord with Leaf’s 
conclusion. This finding is to be expected since experiments with thiocyanate, 
sucrose, or inulin in the medium (17) indicate that the major part of the 
swelling of incubated brain slices is due to the uptake of fluid of the same 
composition as the medium. This swelling is extracellular. No definite 
conclusion can be gathered from these results as to whether the intracellular 
fluids are isotonic or hypertonic. 

The sum of the potassium and sodium concentrations in the ‘‘true’’ tissue 
water of fresh and incubated slices (Table III) are considerably higher than 
the concentration of sodium plus potassium in plasma or the incubation 
medium (150 meq. per liter). They do not, however, necessarily indicate 
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that the tissue fluids are hypertonic. Part of the potassium seems to be in a 
bound, presumably osmotically inactive, form and the tissue fluids contain 
polyphosphate and other polyvalent anions which may balance the cations 
electrically without contributing as much as the cations to the osmotic 
pressure. 
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THE WATER AND ELECTROLYTE METABOLISM OF 
RAT DIAPHRAGM IN VITRO! 


By R. H. Rrxon anv J. A. F. STEVENSON 


Abstract 


The distribution of water and of sodium and potassium between the cell and 
synthetic environments has been studied in rat diaphragm muscle. It has been 
found that: (1) the amount of intracellular water is markedly increased at 0° C. 
in oxygen and at 37°C. in nitrogen compared to that of tissue at 37°C. in 
oxygen, in media up to 0.75 osmolar; (2) optimal conditions of temperature and 
oxygen are necessary to prevent or reduce the uptake of water; (3) swelling at 
reduced temperatures and under hypoxic conditions is related to the oxygen 
uptake; (4) the loss of tissue solids during incubation does not have any signif- 
icant effect on the calculation of the total tissue and intracellular water; (5) the 
concentration of total sodium and potassium in the tissue, im vivo and in vitro at 
optimal conditions is slightly in excess of that in the plasma water or incubating 
medium—this is believed not to represent an active hypertonicity; (6) con- 
comitant with the uptake of water there are marked redistributions of sodium 
and potassium, the gain of sodium being greater than the loss of potassium. It 
is concluded that the swelling of tissue cells under conditions that inhibit oxida- 
tive metabolism is primarily due to the redistribution of electrolytes and that 
the natural distribution of water in muscle is determined by active maintenance 
of the concentration gradients of sodium and potassium across the cell membrane. 


Introduction 


The cells of many isolated tissues swell when their metabolism is impaired 
even though they are placed in solutions with an osmotic pressure similar to 
that of normal extracellular fluid. Indeed, this swelling occurs even in 
in hypertonic media. This phenomenon has been observed in frog muscle 
(1, 27) and kidney (7); rat brain (12), liver (16, 23, 28), kidney (11, 16, 23), 
pancreas (16), and muscle (17, 18); rabbit kidney (15); guinea-pig brain (29), 
liver (2), and kidney (6); and beef lymphocytes (32). These findings have 
been interpreted by some (6, 17, 21, 23) as evidence that the cell is naturally 
hypertonic to extracellular fluid and that this hypertonic state is maintained 
by an active extrusion of water from the cell. On the other hand, the 
disposition of water across the cell membrane has classically (19) been 
considered the result of the net balance of osmotic forces, particularly of 
sodium and potassium. This classical view has received recent support (11, 
15, 20,32). It is now recognized that the movement of sodium and potassium 
is, directly or indirectly, under active metabolic control (14). Whatever the 
fundamental mechanism involved, the necessity of oxygen and a normal body 
temperature for the optimal distribution of water, and the adverse effects of 
many chemical inhibitors on this process, especially 2,4-dinitrophenol (15, 
22, 23), suggest that oxidative phosphorylation is a necessary mechanism. 

1Manuscript received May 9, 1956. . ent 7 

Contribution from the Department of Physiology, University of Western Ontario, London, 
Ontario. This work was carried out with the aid of Grant 8865-02 from the Defence Research 
Board of Canada. Preliminary reports of this work have been presented at the annual meetings 
of the Canadian Physiological — October 10, 1952, and October 23, 1954. Submitted by 


R. H. Rixon in partial fulfillment of the requirements for the degree of Doctor of Philosophy at the 
University of Western Ontario. 
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Whether the normal distribution of water is due to its active transport or 
is a passive result of the active distribution of osmotic agents, such as sodium 
and potassium, across the cell membrane is still to be decided. Since muscle 
plays a quantitatively large role in the bulk distribution of water in the body, 
the present study was designed to investigate the factors regulating the 
movement of water in this tissue, specifically in the isolated rat diaphragm. 


Methods 


General Technique and Preparation of Diaphragm Tissue 

Male Sprague-Dawley rats, ranging in weight from 150 to 250 gm., were 
used. All rats were fed Master Fox Cubes, given water ad libitum, and 
killed in the fed state. Each rat was stunned by a blow on the head and 
immediately exsanguinated by decapitation. The abdominal and thoracic 
cavities were exposed by a midline incision and the diaphragm quickly removed 
with care to avoid undue stretching. The excised diaphragm was placed on 
ice-cold filter paper (Whatman No. 1) moistened with glucose-free isotonic 
medium, cleaned of any visible fat, and trimmed of tendinous tissue. Approxi- 
mately two minutes elapsed from the time the animal was decapitated until 
the hemidiaphragms were used for incubation. 

Following incubation each hemidiaphragm was removed with fine forceps 
from its flask, gently blotted on filter paper, and weighed in a tared aluminum 
dish to the nearest 0.1 mgm. This was done on a Sartorius Selecta or 
Gramatic balance within 20 to 30 sec. to avoid serious change in the water 
content through evaporation. Great care was taken to develop a uniform 
and consistent method of blotting the tissue before it was weighed, since this 
can be one of the larger sources of error. After determination of the wet 
weight, the diaphragms were placed in an oven for 15 to 20 hr. at 105° C. for 
determination of their dry weight. The difference between the wet and dry 
weight was taken as the total water content of the tissue. 


Incubation Media 


The synthetic isotonic medium, the basis of all media used, was similar in 
composition to an ultrafiltrate of plasma, and contained the following con- 
stituents: NaCl, 0.154 M, 464 ml.; KCl, 0.154 1, 16 ml.; CaCl .2H.O, 
0.110 M, 6.0 ml.; MgSO,.6H.O, 0.154 M, 4.0 ml.; NasHPO.KH2PO, 
buffer, 1/15 M, 48.0 ml., pH 7.4. This isotonic solution has an osmolar 
concentration of 0.30 and is similar to that described by Robinson (21). 
Hypotonic media of 0.05, 0.10, and 0.20 osmolar were prepared by diluting 
the glucose-free isotonic medium with distilled water. Hypertonic media of 
0.58 and 0.86 osmolar were prepared by increasing proportionately the 
concentration of all the electrolyte constituents of the isotonic medium except 
the phosphate buffer. These hypertonic solutions were diluted to make other 
hypertonic solutions of 0.45 and 0.75 osmolar. Glucose, 150 mgm./100 ml., 
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was added to all solutions just before use. The activity coefficients of the 
various ions have been neglected in computing the osmolar concentrations of 
the media. 


Determination of the Oxygen Uptake 


Diaphragm muscle was incubated in 3 ml. of medium using the Warburg 
manometric technique (31). The system was flushed with oxygen for five 
minutes and equilibrated at bath temperature for 10 min. Incubation was 
continued for 60 min., during which the cumulative oxygen uptake was 
recorded every 15 min. In experiments where it was decided to decrease the 
oxygen uptake at 37° C., the media were exposed to equilibration with room 
air, nitrogen, oxygen, or any of these combined with potassium cyanide. 
For studies that involved incubation at temperatures below 37° C., the 
Warburg apparatus was placed in a cold room at 5° C. and the thermostat 
set for various bath temperatures between 10° and 33°C. The manometer 
constants were recalculated for these reduced temperatures. The oxygen 
uptake was calculated as yl./hr./mgm. of final dry weight, and has been 
expressed (1) as the average uptake for the 60 min. period, and (2) as the 
uptake recorded during the last 15 min. of incubation, designated as the Ls. 
The latter is believed to be a more accurate measure of the respiratory state 
of the tissue just before removal from the flask; this is particularly evident 
for conditions which cause a precipitous drop in the oxygen uptake during the 
period of incubation. 


Incubation at 0° C. 


Since 0° C. is not easily attained in the conventional Warburg equipment, 
a small incubation apparatus was constructed which closely duplicated the 
conditions existing in the Warburg flasks. It consisted of a series of small 
vials of about the same diameter as a Warburg flask. Each vial was capped 
during the experiment with a quickly detachable plastic top through which a 
hypodermic needle was inserted. A piece of small polyethylene tubing 
extended from each needle into 3 ml. of medium for the passage of oxygen. 
This apparatus was immersed in a water bath (with alcohol and salt) contain- 
ing a refrigeration coil. The temperature of the bath was kept at —1.0°C.,a 
temperature found necessary to maintain the media at 0°C. Cooled and 
water-saturated oxygen was bubbled through the solution, primarily for the 
purpose of agitation. 


Determination of the Extracellular Fluid Volume 


For convenience the apparatus for incubation at 0° C. was also used to 
measure the distribution of inulin in diaphragm muscle. In the studies at 
37° C., the refrigeration coil was replaced by a thermostatically-controlled 
heating unit. Experiments showed that incubation in this apparatus at 37° C. 
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in nitrogen, and at 37°C. in oxygen, produced results identical to those 
previously established under the same conditions in the Warburg equipment. 
The inulin space was measured by incubating diaphragm in media containing 
1% inulin. This concentration of inulin provides an osmolar concentration of 
only 0.01, which would not appreciably alter the osmotic pressure of the 
incubation medium. Seventy-five minutes were found sufficient for complete 
diffusion of inulin into the diaphragm muscle; this is well within the time 
limits reported for permeation of inulin into kidney (21) and recently for 
diaphragm tissue (9), 7 vitro. 

To determine the inulin space, pieces of hemidiaphragm were incubated in 
the experimental medium containing 1% inulin or in the same medium without 
inulin. Two hemidiaphragms incubated in the inulin solution were taken for 
final wet and dry weights; if the water contents of these tissues were found to 
vary abnormally from the value previously established, the experiment was 
discarded. Two other inulin-incubated hemidiaphragms were quickly blotted, 
weighed together in a tared flask, and extracted overnight at 5° C. in 20 ml. 
of distilled water. Two further pieces, not incubated in inulin, were also 
extracted to serve in a blank analysis. Aliquots of the incubation medium 
were taken to determine the concentration of inulin. Next day, the extraction 
fluids were decanted with five washings into 50 ml. volumetric flasks and 
diluted. Ten-milliliter aliquots of this solution were precipitated with 2 ml. 
of 10% trichloroacetic acid. Two-milliliter portions of the supernate were 
taken for analysis by the method of Schreiner (26). The amount of extra- 
cellular water was calculated as the space which would be occupied by inulin 
at the concentration found in the medium, and has been expressed as a 
percentage of thé final wet weight. 


Determination of Sodium and Potassium 


Diaphragm muscle was analyzed for sodium and potassium before (in vivo) 
and after incubation. The hemidiaphragms were handled in the same manner 
as previously described except that they were weighed in tared and 
scrupulously cleansed centrifuge tubes. The tissue was first dried to determine 
its water content. Each piece of dried tissue was digested in 1 ml. of con- 
centrated nitric acid with gentle heating (15). The digested sample was 
transferred to a volumetric flask with washings of double-distilled water, and 
diluted to 50 ml. after an appropriate amount of lithium sulphate (final 
lithium concentration 0.03 NV) had been added. The tissue sodium and 
potassium were determined by flame photometry, using lithium as the internal 
standard. Aliquots of the incubating medium were also taken for analysis. 
Blanks of nitric acid with lithium salt were always determined with the 
analyses. The intracellular content of sodium and potassium was computed 
by subtracting the amount of electrolytes calculated to be in the extracellular 
phase (inulin space) of the tissue from the total electrolytes in the tissue. 
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Fic. 1. The effect of the electrolyte concentration of the medium on the total water 
content o diaphragm muscle after incubation for 75 min. at 37° C. in oxygen, at 37° C, 
in nitrogen, and at 0° C. in oxygen. Each point represents the mean of 6 to 18 samples. 
Vertical bars represent the standard deviation. 


Results 


The in vivo Water Content of Diaphragm Muscle 

The in vivo or initial water content of 86 samples of diaphragm, accumulated 
over many experiments, averaged 77.1 + 0.50 (S.D.) % of the initial wet 
weight. 


The Effect of the Concentration of the Medium on the Total Water Content of 
Diaphragm Muscle 


Fig. 1 demonstrates the changes in total tissue water which occurred upon 
incubation for 75 min. in media of various osmolarities at 37° C. and 0° C. in 
oxygen, and at 37° C. in nitrogen. The average water content in the isotonic 
(0.30 osmolar) medium at 37° C. in oxygen was 77.8 + 0.51 (S.D.) % of the 
wet weight. This slight increase above the in vivo content has been shown by 
Creese (9) to be attributable largely to the substitution of medium for blood 
in the vascular spaces. There was little further change following incubation 
in media varying from 0.20 to 0.58 osmolar. In the more hypotonic media the 
water content rose rapidly. Tissue incubated at 0° C. markedly increased its 
Water content in media ranging from 0 to 0.45 osmolar, and not until a medium 
of 0.58 osmolar was provided did the water content approach that at 37° C. 
in oxygen. To maintain a relatively normal water content at 0° C., muscle, 
like other tissues (16, 21, 23), required an extracellular concentration almost 
double that required in vivo, or in vitro at 37° C. in oxygen. 
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Under nitrogen at 37° C. there was also a marked increase in the total water 
content, which, unlike the water in tissue at 0° C., failed to disappear even in 
the most concentrated media (0.75 osmolar). Tissue in media of 0.75 osmolar 
but at 37° C. in oxygen demonstrated an increase in water similar to that of 
tissue under nitrogen. Further investigation revealed that this increase at 
37°C. in oxygen continued, reaching 83.59% at 1.0 osmolar but gradually 
decreasing to 79.9°% at 1.7 osmolar. These effects are in contrast to the 
continuing fall in total water at 0° C. with increased tonicity. 
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Fic. 2. The effect of the electrolyte concentration of the medium on the amount of 
extracellular water (inulin space) in diz iphragm after incubation for 75 min. at 37° C. in 
oxygen, at 37° C. in nitrogen, and at 0° C. in oxygen. Each point represents the mean 
of four analyses. 


Fic. 3. The effect of the electrolyte concentration of the medium on*’the amount of 
intracellular water in diaphragm after 75 min. at 37° C. in oxygen, at 37°,C. in nitrogen, 
and at 0°C. in oxygen. Each point represents the difference between the total tissue 
water (Fic. 1) and the extracellular water (Fic. 2). 
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The Effect of the Concentration of the Medium on the Amount of Extracellular 
and Intracellular Water of Diaphragm Muscle 

Fig. 2 demonstrates that the volume of extracellular water in diaphragm, 
indicated by the inulin space, varied with changes in the osmolar, gaseous, 
and thermal environments. At 37°C. in oxygen the inulin space increased 
linearly with the concentration of the medium. The inulin space of 26.6% 
of the final wet weight after incubation in the isotonic medium, already 
reported (20), is in good agreement with the value of 26.4% recently found for 
this same tissue (9) and the 25.3% for kidney slices observed by Robinson 
(21). Nitrogen and cold both decreased, although in a different manner, the 
inulin space under comparable conditions, indicating a greater swelling of the 
cells. These results are in contrast to Robinson’s (21) conclusion that the 
extracellular water of kidney slices remains a constant fraction of the tissue 
regardless of the degree of swelling, the interstices expanding in proportion to 
the whole slice. 

Fig. 3 shows the estimates of intracellular water, obtained by subtracting 
the inulin space (Fig. 2) from the total water content (Fig. 1), under the 
various conditions. In contrast to the total tissue water, the cell volumes of 
diaphragm at 0° C. and under nitrogen at 37° C. are similar and inversely 
related to the concentration of the medium, indicating that differences in 
total water between these two conditions are largely caused by the variations 
in extracellular space. At 37°C. in oxygen, the intracellular volume was 
decreased in hypertonic media, a result not anticipated from measurement of 
the total tissue water. The total tissue water, therefore, was not always an 
accurate reflection of the cell volume. 


The Oxygen Uptake of Diaphragm in Media of Different Concentrations 
Table I shows the oxygen uptakes as pul./hr./mgm. of final dry weight of 
tissue incubated in media of various osmolar concentrations at 37°C. in 


TABLE I 


THE EFFECT OF THE CONCENTRATION OF THE MEDIUM ON THE OXYGEN UPTAKE OF 
DIAPHRAGM TISSUE INCUBATED AT 37°C. FoR 75 MIN. 








Oxygen uptake (yl./hr./mgm. of final dry wt.) 








Concentration (osM./1.) No. Av.* List 
0 12 4.8+0.27f 1.5+0.27 
0.05 4 6.9+0.69 2.4+0.59 
0.10 18 6.4+0.27 3.9+0.33 
0.20 16 7.4+0.24 6.0+0.37 
0.30 12 7.9+0.34 7.3+0.35 
0.45 7 8.2+0.66 5.7+0.69 
0.58 12 7.4+0.40 6.5+0.43 
0.75 13 5§.5+0.36 $.1+0.32 





*Average uptake during 60 min. of the incubation period. 
t Uptake during last 15 min. of incubation. 
{Standard error of the mean. 
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oxygen. Average values of oxygen uptake for 60 min. of incubation were 
lowered only in the most hypotonic (0 osmolar) and hypertonic (0.75 osmolar) 
media. In order to expose any hidden falls in oxygen uptake, the readings 
for the last 15 min. of incubation (Lis) have been listed. There was little 
change in this oxygen uptake (Lis) between 0.20 and 0.58 osmolar. Beyond 
this range, particularly for hypotonic solutions, the fall was pronounced. 
These effects of the concentration of the medium on the oxygen uptake of 


diaphragm tissue are similar to those reported for kidney and liver slices 
(21, 23). 


The Relation Between Oxygen Uptake, Temperature, and the Water Content of 

Diaphragm Muscle 

Fig. 4 demonstrates the effect of reducing the oxygen uptake in an isotonic 
medium at 37° C. on the total water content. The percentage of total tissue 
water following 75 min. of incubation varied inversely to the oxygen uptake, 
revealing a correlation between the degree of hypoxia and the uptake of water. 
Similar observations have been made in rat kidney and liver slices (4, 21, 23). 

When diaphragm is incubated in the isotonic medium under oxygen, an 
inverse relation between the total tissue water and the temperature (37° to 
10° C.) is apparent (Table II, cf. (30) ). Such a relation was postulated by 
Robinson (21) on the assumption that the water content of kidney slices was 
dependent on respiration, but he was unable to demonstrate it. We have 
found that maximal swelling of diaphragm in oxygen at 0° C. or in nitrogen 
at 37° C. requires approximately 60 min. The similarity of the water contents 
at 10°C. (81.8%) and at 0°C. (81.5%, Fig. 1) suggests that the process 
governing the regulation of water may, for practical purposes, be completely 
inhibited at temperatures of 10° C. or lower. 


TABLE II 


THE EFFECT OF ENVIRONMENTAL TEMPERATURE ON THE TOTAL WATER 
CONTENT OF DIAPHRAGM MUSCLE 








Total tissue water 





No. Temperature* (0° C.) (% final wet weight) 
8 37.0 78.1+40.21t 
6 23.5 78.8+0.11 
18 30.0 79.2+0.13 
6 27.5 79.4+0.11 
6 25.0 79.8+1.19 
6 20.0 80.6+0.25 
6 15.0 81.1+0.18 
7 10.0 81.8+0.16 





*75 min. of incubation in the isotonic medium (0.3 osmolar) and in the presence of oxygen. 
tStandard error of the mean. 
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Fic. 4. The effect of reducing the uptake of oxygen by nitrogen, room air, and cyanide 
(0.001 M) at 37°C. on the total water content of diaphragm muscle after 75 min. of 
incubation in the isotonic medium (0.30 osmolar). Vertical bar represents standard 
deviation of eight samples. r = — 0.83 + 0.052; y = — 0.55x + 82.62. 


Fic. 5. The relation between the total water content and the oxygen uptake of 
diaphragm muscle after 75 min. of incubation in the isotonic medium (0.30 osmolar) when 
the environmental temperature is reduced. r = —0.80 + 0.032; y = —0.55x + 82.25. 


Fig. 5 demonstrates that there is an inverse correlation between the oxygen 
uptake and water uptake when the environmental temperature -is lowered. 
The increase in the total water content of diaphragm muscle when the avail- 
ability of oxygen is reduced (Fig. 4) or when metabolic functions are slowed 
(Fig. 5) suggests that the regulation of water in muscle is in some way depend- 
ent on metabolic activity. 
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TABLE III 


ESTIMATED LOSS OF SOLIDS FROM DIAPHRAGM MUSCLE DURING 75 MIN. OF 
INCUBATION, AS PER CENT OF INITIAL DRY WEIGHT 














oC. 37° C.—Oxygen 37° C.—Nitrogen 
Concentration No. Loss* No. Loss* No. Loss* 
0 6 12.3+0.65¢ 6 19.7+0.92 6 23.7+9.66 
0.10 6 7.4+0.66 6 14.3+0.31 6 17.321.33 
0.30 5 3.340.19 6 5.4+0.49 5 14.5+1.96 
0.58 5 0.6+0.11 6 5.8+0.83 6 10.6+0.98 
0.75 6 §.2+0.69 6 4.3+0.66 6 6.7+0.58 





*The loss of solids was estimated by first measuring the initial wet weight of the diaphragm on a 
torsion balance to the nearest 0.1 mgm. and then the wet and dry weights following incubation. 
The initial dry weight was calculated from the initial wet weight by assuming the original total 
water content to be 77.1%. The difference between the initial and final dry weights was taken as 
the solid loss and expressed as per cent of the initial dry weight. 

tStandard error of the mean. 


The Loss of Tissue Solids from Diaphragm During Incubation 


A study of the tissue solids lost during incubation was undertaken to 
determine whether these losses appreciably affected the measured water 
uptakes which have been reported. Hemidiaphragms have the advantage 
that they can be quantitatively recovered from the incubation medium, thus 
allowing a relatively good measure of solid loss. Table III demonstrates that 
the losses generally increased as the concentration of the medium decreased 
and in the following order: 37° C. in nitrogen > 37°C. in oxygen > 0° C. in 
oxygen. The larger losses at 37°C. in nitrogen agree with the finding of 
Fenn (13) that the loss of protein and non-protein nitrogen from frog muscle 
increases during asphyxia. Barlow and Manery (5) have reported losses from 
chicken breast muscle of about 10 gm./kgm. wet weight. This is comparable 
to the losses from diaphragm in the isotonic solution at 37°C. in oxygen. 
‘Correction’ of the water content of diaphragm for the losses shown in Table 
III did not produce any appreciable change or invalidate any of the 
conclusions.” 


Effect of Anoxia and Cold on the Electrolyte Content of Diaphragm Muscle 
Table IV demonstrates the sodium and potassium concentration in the 

total tissue water im vivo and in the total and intracellular water following 

incubation in the isotonic solution (0.3 osM./liter). After incubation at 


aon percentage water contents of diaphragm muscle can be corrected for solid loss by the following 
ormula: 





Wu 
WwW. = 
We + {100/(100 — L)} D 
where, W. = corrected percentage water content, W, = uncorrected percentage water content, 


L = loss of solids as per cent of the initial dry weight, and D = per cent final dry weight. 
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TABLE IV 


THE SODIUM AND POTASSIUM CONTENT OF DIAPHRAGM MUSCLE BEFORE INCUBATION AND 
FOLLOWING 75 MIN. OF INCUBATION IN THE ISOTONIC MEDIUM 








Condition No. Na K Na+K 





Postincubation medium (meq./1.) 


Plasma 3 138 (148.8)* 5 (5.4)* 143 (154.2)* 
37° C.—O, 6 141+0.6t 7+0.2 149+0.6 
0° C.—O, 5 1354+1.1 8+0.1 143+1.3 
37° C._—N2 6 144+2.2 9+0.4 1534+2.2 
Total tissue concentration (meq./1.) 
in vivo 6 3341.1 132+3.7 165+2.9 
37° C—O; 6 93+2.3 7243.5 165+1.8 
0° C.—O, 5 111+0.9 46+2.2 157+2.7 
37° C.—Nz 6 141+2.6 17+1.9 158+1.4 
Intracellular concentration (meq. /I.) 
37° C.—Oz 6 67+3.6 107+4.1 174+2.6 
0° C.—O, 5 102+1.0 3Wt2.9 161+3.3 
37° C_—Ne 6 140+3.2 20+0.9 160+1.4 
Total tissue electrolytes (meq./kgm. dry wt.) 
in vivo 6 109 +. 4.3 440+ 9.2 548+ 6.6 
37° C—O, 6 321+ 9.9 250+11.6 570+ 7.8 
0° C.—O, 5 479+ 7.3 199+ 9.8 678+14.2 
37° C.—N2 6 642+21.6 76+ 8.2 718+16.3 
Intracellular electrolytes (meq./kgm. dry wt.) 

37° C._—O, 6 153+9.1 241+8.9 394+ 7.0 
0° C.—O; 5 328+5.9 190+9.8 518+12.7 
37° C._—Nz 6 466+4.7 65+8.2 531412.3 





*Plasma water (plasma X 100/93). 
tStandard error of the mean. 


37° C. in oxygen, the concentration of sodium had increased and that of 
potassium had decreased from the levels observed in vivo. The best conditions 
provided in vitro were apparently not sufficient to maintain the normal 
distribution of these electrolytes. The sum of the sodium and potassium 
concentrations, however, showed no change from the fresh to the incubated 
state. The exchange of sodium for potassium, therefore, was equal. 


At 0° C. in oxygen and at 37° C. in nitrogen there were greater increases in 
sodium and decreases in potassium concentration. A similar redistribution 
of sodium and potassium, under conditions which interfere with metabolic 
functions, has been shown for slices of kidney cortex (3, 6, 15), for slices of 
liver (2), and for diaphragm (9, 20). The intracellular concentrations of 
sodium and potassium demonstrate that a redistribution of these ions in 
nitrogen and cold took place across the cell membrane. 
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The sum of the concentrations of sodium and potassium in the total tissue 
water of diaphragm in vivo, or after incubation at 37° C. in oxygen, was greater 
than the sum of their concentrations in plasma water or in the incubation 
medium. The total base (Na, K, Mg, Ca) in tissue water has been known for 
some time to he greater than that in plasma. It has now been shown that the 
concentration of sodium plus potassium alone in various tissues 1m vivo and in 
actively metabolizing slices im vitro is greater than their total concentration 
in plasma water or in the incubating medium (3, 6,9). This ‘excess’ of sodium 
plus potassium is more prominent when expressed per liter of intracellular 
water (Table IV). Anoxia causes an almost complete disappearance of this 
intracellular ‘excess’. Although reduced by a cold environment, it remains 
prominent. 

It has been shown that the conditions of 0° C. in oxygen and of 37°C. in 
nitrogen cause marked increases in the amount of total tissue and intracellular 
water compared to actively respiring diaphragm. These increases in water 
parallel the increases in the total amount of sodium plus potassium per 
kilogram dry weight in the tissue or the cells following incubation (Table IV). 
This increase of total electrolytes is the result of a greater gain of sodium than 
loss of potassium under anoxic and cold environments. 


Discussion 


The swelling of muscle cells under conditions of cold or anoxia (Figs. 1 and 3) 
and its relation to the oxygen uptake (Figs. 4 and 5) demonstrates that 
aerobic metabolism is necessary in this tissue to maintain the normal distribu- 
tion of water. The formation and utilization of high energy phosphate 
compounds are probably as important here as in liver and kidney tissue where 
the necessity of phosphate energy for the normal distribution of water has 
been demonstrated by use of inhibitors, especially 2,4-dinitrophenol (15, 
22, 23). 

To explain why tissues swell under anaerobic and cold conditions when 
placed in solutions isotonic with normal extracellular fluid, Robinson (21, 23) 
postulated that the cell is normally hypertonic to the extracellular fluid and 
that an active extrusion of water, dependent on aerobic metabolism, maintains 
this gradient under natural conditions. As evidence for this hypothesis, 
Robinson and others (16, 17) have demonstrated that total tissue water 
increases under conditions which suppress aerobic metabolism, even in 
solutions of twice the osmotic concentration of normal extracellular fluid. 
From such evidence it was concluded that the effective osmotic pressure 
within the cell is 50 to 100% greater than in extracellular fluid. 

These observations have been confirmed in the present study of muscle 
cells for both conditions of suppressed metabolism and anaerobiosis (Figs. 
1 and 3). The hypothesis, however, tacitly assumes that the osmotic con- 
stituents within the cell undergo no net change in these embarrassing condi- 
tions (cold, anoxia, hypertonic media) and that any movement of water 
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reflects the original osmotic state within the cell. The assumption that the 
cell has a 50 to 100% greater osmotic concentration is not supported by the 
determination of the major electrolytes, potassium and sodium, in kidney 
(6, 24) or in diaphragm (9, 20); under normal conditions there is only a small 
excess of total potassium and sodium in the cell. Aebi, however, has reported 
(3) concentrations of sodium plus potassium in diaphragm, kidney, liver, and 
brain which are higher than those reported here. Similar determinations 
under conditions of cold, anoxia, or hypertonic media have shown that the 
relative amounts and concentrations of sodium and potassium are markedly 
changed in kidney (6, 15) and in diaphragm tissue (Table IV). The small 
excess concentration of potassium and sodium, which is apparent normally in 
most cells and which has been assumed by Bartley et al. (6) to represent 
hypertonicity in the cell, should theoretically disappear when swelling occurs 
(24, 25). Bartley et al. found that this excess concentration of sodium and 
potassium in the tissue water remained in both cold and anoxic environments. 
This is also apparent in Robinson’s results (24). In muscle this ‘higher tissue 
concentration’ is prominent in the cold and to a lesser extent in anoxic 
environments (Table IV). The failure of this excess to disappear when 
maximal swelling occurred suggests that it does not represent an operative 
hypertonicity. Indeed, Conway and McCormack (8), using the depression of 
freezing-point method, found that ground tissue and serum are effectively 
isosmotic. It therefore seems likely that the inward movement of water under 
various conditions is not due to any original hypertonicity of the cell. 


It does not appear necessary to postulate a hypertonicity of the cell to 
explain the inward movement of water under these various conditions. This 
movement seems to be adequately explained by the changes in the distribution 
of sodium and potassium which are known to occur in the cell. Mudge (15) 
is of this opinion and Deyrup (11) and Wilson (32) have found that kidney 
slices, lymphocytes and leucocytes, which swell in solutions of sodium chloride 
or monosaccharides isosmotic with plasma, shrink when placed in solutions of 
dissaccharides of similar tonicity and which are believed not to penetrate the 
cell. This is also true for diaphragm muscle (20), which showed no net 
uptake of water, even at 0°C., in a 0.30 M solution of sucrose. Thus it 
seems that the accumulation of water by the cell in cold or anoxic conditions 
is due rather to an accumulation of electrolytes in the cell. That the latter 
occurs in cold and anoxic environments has been demonstrated (Table IV). 
The swelling and the greater gain of sodium than loss of potassium, by the 
cell, may be explained by the Gibbs-Donnan rule (10). Assuming that the 
cells in cold or anoxic environments are essentially ‘dead’, and that they 
contain anions, which are either non-diffusible or slowly diffusible, the freely 
diffusible ions (e.g. sodium, potassium, chloride) will move in the direction of 
their concentration gradients with the greater total concentration always 
continuing on the side of the ‘non-diffusible’ anions. This would cause the 
inward movement of water, and thus that of sodium and chloride, to continue 
until the hydrostatic pressure of the tissue equals the inward osmotic pull. 
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More detailed information must be obtained, however, regarding the distribu- 
tion of sodium and potassium, particularly the nature of the cellular anions 
and their influence on potassium distribution, before the movements of water 
can be fully understood. 


The maintenance of the natural distribution of water across the cell 
membrane is dependent on aerobic metabolism. It does not, however, seem 
necessary to postulate an active transport of water to explain this. The 
breakdown in the transport of sodium and potassium and their intracellular 
accumulation of sodium when aerobic metabolism is impaired seems sufficient 
to explain the accumulation of water under these conditions whether the tissue 
is in hypotonic, hypertonic, or isotonic media. The integrity of the cell’s 
aqueous economy likely depends on its ability to maintain a steady state 
distribution of sodium and potassium across the cell membrane. Any agent 
which impairs this function should result in tissue swelling. Thus a solution 
which is normally isotonic with the cell remains so only while the cell maintains 
an active metabolism and natural concentration gradients of sodium and 
potassium. When these latter are upset, the intracellular volume is deter- 
mined not by the osmotic pressure of the extracellular fluid but by the 
redistribution of solutes. 
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